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JOURNAL OF POLYMER SCIENCE: PART C NO. 1, P. 1 (1963) 


Introduction 


This volume represents a combination of two firsts—the first volume of 
the Symposia Series of the Journal of Polymer Science and the first Polymer 
Symposium sponsored by the Division of Polymer Chemistry of the Amer- 
ican Chemical Society. The Symposium was held on June 20-22, 1962, 
on the campus of Michigan State University, East Lansing, Michigan. 
The general chairman was R. I’. Boyer, the arrangements chairman was 
J. B. Kinsinger, and the program chairman was H. W. Starkweather, Jr. 

Some of the papers are printed here just as they were given at the Sym- 
posium. Others have been expanded to give a fuller account of experi- 
mental aspects. In some cases, a contribution has been divided into two 
or more papers and related work has been added to bring a complete story 
together in one place. Authors have been permitted to revise titles at their 
discretion. 


Howard W. Starkweather, Jr. 


Plastics Department 

E. I. du Pont de Nemours and Co. 
Du Pont Experimental Station 
Wilmington, Delaware 
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Crystallization in Polymers 


P. H. LINDENMEYER, Chemstrand Research Center, Inc., Research 
Triangle Park, Durham, North Carolina 


I. INTRODUCTION 


The earliest concept of crystalline polymer structure was the concept 
of the fringed micelle.!' In this model, the interior of the micelle was as- 
sumed to be crystalline, with this crystalline order giving was more or less 
gradually on the exterior or fringed area to a completely random liquid- 
like or amorphous structure. Since all estimates of the micelle size were 
very much smaller than the length of a polymer chain, it was assumed that 
a given chain would pass through many such micelles. With such a 
concept of polymer structure, it was generally assumed that the crystalline 
order would be very imperfect, consisting of a whole spectrum of various 
degrees of order. 

In 1949 Flory published a statistical theory of polymer crystallization.? 
This theory assumed that the crystalline and amorphous regions in poly- 
mers could be considered as distinct thermodynamic phases, at equilibrium. 
The criterion for the existence of such separate crystalline and amorphous 
phases is that any given property (e.g., the chemical potential) will be 
uniform throughout the phase and will be solely dependent upon the 
temperature and the pressure. If the crystalline regions are not perfectly 
ordered then their properties would also depend upon their degree of order. 
Flory’s theory predicted the extent to which the melting point would be 
depressed by the presence of impurities and diluents as well as the equi- 
librium degree of crystallinity for copolymers which had uncrystallizable 
segments. 

The success of this theory has been demonstrated by an abundance 
of experimental data on the melting of polymers and the effect of diluents. 
The equations have even proved useful well into the range of very high 
concentrations of diluent, for example, crystallization from dilute solution. 
Consequently, it would seem that there is no longer any question that 
crystalline polymers can exist as a separate crystalline phase in equilibrium 
with the molten polymer at the melting point. Furthermore, the melting 
point can be expected to be depressed by the existence of inhomogeneities 
such as branches, end groups, etc., and by very small crystallites where the 
surface free energy has an appreciable effect on the melting point. This 
demonstration that polymers can be treated as distinct crystalline and 
amorphous phases in a thermodynamic sense had given rise to a concept 
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referred to by some as the crystalline-amorphous or “two-phase” model of 
polymer structure. Considerable confusion exists with regard to what 
various people mean when they refer to the crystalline-amorphous or 
two-phase model and how it may differ from other concepts. Apparently, 
what has happened in the minds of some people was to confuse the old 
fringed micelle concept, with the demonstrated existence of distinct 
thermodynamic crystalline and amorphous phases at the melting point. 
The fringed micelle concept was simply modified to the extent of referring 
to the crystalline regions and the amorphous regions as separate phases 
under all conditions—even though most authors carefully refer to crystal- 
line and amorphous “regions” rather than ‘“‘phases.”’ 

These considerations cover the situation in polymer crystallization 
up to about 1957. At about that time it was independently discovered 
in at least three different laboratories*~ that polyethylene could be crystal- 
lized from dilute xylene solution in the form of thin platelets. (Actually 
several earlier reports® of single crystals dating back to the 30’s exist but 
they were apparently not taken seriously.) These platelets had a thick- 
ness ranging from 100-150 A. and yielded sharp electron diffraction spots 
characteristic of single crystals. What was even more surprising, this 
diffraction indicated that the polymer axis was perpendicular to the plane 
of the crystal platelet. Since the length of the polymer is much greater 
than the thickness of the crystal one must conclude that the molecule in 
some way folds back and forth from the top to the bottom of the platelet. 
These observations immediately generated two questions in the minds of 
most workers in the fields of polymer structure. ‘‘What is the reason or 
mechanism which causes the polymer molecule to fold?” and ‘How 
widespread is this tendency of polymer molecules to fold—specifically, do 
they fold upon crystallization from the melt?” It is the principal purpose 
of this paper to review the progress which has been made in answering 
these questions and to present the best overall picture of polymer crystalliza- 
tion that is possible at this time. 

The procedure I would like to use will be to outline the evidence of chain 
folding of polymer crystals first from dilute solution and then from crystals 
obtained from the melt. I will then try to outline the main points in the 
theories which have been advanced to account for chain folding. After 
this, I would like to describe a somewhat different concept of a polymer 
structure which has been developing in the minds of a number of people 
in the last few years. I will call this the crystal-defect model and I am 
particularly concerned that this model be considered in its proper relation- 
ship to the earlier fringe micelle and the “two-phase” or crystalline- 
amorphous concept. Finally, I would like to present a working hy- 
pothesis which I have found useful in relating the observed crystal-habit or 
morphology to an overall picture of polymer crystallization. 





Il. EVIDENCE FOR CHAIN FOLDING 


By this time almost everyone has seen an electron micrograph of a 
single crystal of polyethylene. In Figure 1 are shown examples of single 
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Fig. 1. Polyethylene crystallized from dilute xylene solution in the form of thin platelets. 
0 ) 3 7 I 
From Holland and Lindenmeyer."! 





Fig. 2. Polyethylene crystallized from dilute xylene solution in the form of hollow 
pyramids which collapsed by forming a central pleat. From Holland and Lindenmeyer."! 
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Fig. 3. Polyethylene pyramidal crystal which has folded over showing the angle between 
sectors. 





Fig. 4. Polyethylene pyramidal crystal which has collapsed by shearing along (310) 


planes. 


crystals of polyethylene. These specimens are all apparently flat lozenge 
shape crystals. They are fairly uniform in size and shape and are about 
one hundred angstroms in thickness. Electron diffraction from such 
crystals very clearly show that the polymer chain axis is oriented per- 
pendicular to the platelet. Since the molecule is at least 30-40 times 
longer than the thickness of the platelet, it is obvious that the polymer 
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molecule must in some way fold back and forth through this lozenge 
shaped platelet. 

The next step is to see if we can determine exactly how these chains 
accomplish this folding. In the examples which are shown in Figure 2, 
we can see a break or fold in one of the lozenge shaped crystals. This is 
not an unusual sample—it turns out that this type of break or fold jis 
characteristic of a great many such crystals. This and other evidence, 
some of which I shall show, has been interpreted independently by Geil 
and Reneker,’ Niegisch and Swan,’ and by Bassett, rank, and Keller* as 
showing that the crystal actually grew as a hollow pyramid rather than 
a flat platelet. The crack or fold forms subsequent to crystallization 
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SHADED FACE PARALLEL TO ac 
Fig. 5. Arrangement of molecules in the pyramidal crystal according to Niegisch and 
Swan. 


when the crystal flattens out on the microscope grid as the solvent is 
removed. Thus the width of the fold at the center can be used as a 
measure of the height of the original pyramid. 

In Figure 3 we see another piece of evidence for the occurrence of the 
hollow pyramidal crystals. In this case the lozenge shape crystal had 
folded back on itself and the angle at the fold shows the true shape of the 
crystal. Finally, in Figure 4 we show a second manner in which these 
crystals, which grow as hollow pyramids, can collapse as they are removed 
from solution. In this case, instead of the crystal breaking along a single 
line and forming a pleat, the pyramidal structure has flattened out by a 
more or less gradual deformation along certain crystallographic planes. 
The wrinkles or corrugations shown in this photograph have apparently 
occurred due to a crystallographic slip along the 310 crystal planes. 
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Fig. 6. Polyethylene crystal accidentally fractured approximately parallel to (110) plane. 
Note that the fraction stops at the sector boundary. 


Fig. 7. Polyethylene crystal fractured approximately perpendicular to (110) plane. 
Note the tendency of molecules to pull out as fibrils. 






In Figure 5 taken from the work of Niegisch and Swan, we show dia- 
gramatically at least one way in which the polymer molecules are believed 
to be arranged in such a hollow pyramidal crystal. A single polymer mole- 
cule shown here as a ribbon, folds or pleats itself into a plane parallel to the 
110 crystallographic plane. If each successive molecular layer parallel 
to the 110 face occurs at a point exactly one chain axis repeat unit lower 
than the previous layer, the calculated angles agree with those measured 
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from the width of the pleats and the shape of the platelet which was folded 
back upon itself. 

If this hypothesis of the molecular arrangement is correct, then one 
would expect such a crystal might fracture easily in the direction parallel 
to the 110 face since such a fracture would not involve the rupture of 
primary valence bonds, whereas if the crystal fractured along some other 
direction it would involve the actual fracture of molecular chains. This 
behavior is indeed observed. In I‘igure 6 we show a fracture which has 
occurred more or less parallel to a 110 plane. Note that this fracture 
becomes ragged and actually stops near the point where it would encounter 
a fold boundary. In Figure 7 we show a fracture perpendicular to the 
110 plane. In this case rather than breaking all of the polymer molecules, 
some of them are pulled out in the form of fibrils. There are actually 
several other different ways in which polyethylene molecules have been 
shown to crystallize.7> Rather than go into any more detail here, we can 
summarize the main conclusions that must be drawn from these observa- 
tions. (/) From the fact that the electron diffraction shows that the 
polymer molecule is essentially perpendicular to the platelet we must 
conclude that the polymer molecule does indeed fold. (2) The observa- 
tion of hollow pyramidal crystals and the measurement of their height 
and angles along with the observed fracture phenomena make it clear that 
not only do the polymer molecules fold but at least in some cases they fold 
back on themselves or pleat in a very regular manner. 

Therefore, we must conclude that in crystallization of polyethylene 
from dilute solutions, the evidence is very strong that not only does chain 
folding occur but the exact manner in which the chain folds or pleats is 
rather well established in many cases. 

We next consider the question as to how widespread is this manner of 
crystallization? Single crystal platelets, having most of the essential 
characteristics of the polyethylene crystals in Vigures 1-7 have been 
observed for an ever growing number of different polymers. Geil has 


TABLE I 


Polymers Crystallized from Solution in the Form of Lamellae 








Polyolefins Polyesters 
Linear polyethylene Polyhexamethylene 
Branched polyethylene terephthalate 
Polypropylene Poly-2,2-dimethy] tri- 
Polybutene methylene terephthalate 
Poly-4-methyl-pentene-1 Polyoxymethylene 
Polyamides 
Nylon 6 Polyethylene oxide 
Nylon 7 
Nylon 8 Polydioxolane 
Nylon 66 
Nylon 610 Polytetrafluoroethylene 


Polystyrene Cellulose triacetate 











12 P. H. LINDENMEYER 





Fig. 9. Lamellae of polyethylene crystallized from the melt in the form of a thin film. 


compiled the list shown in Table I. All of these polymers have been 
reported as forming such crystals. In our laboratory we have obtained 
perhaps a half dozen more. In fact, we are convinced that any crystalliz- 
able polymer can be obtained in this form if one can find the suitable 
solvent and temperature combination. Our feeling in this regard was 
greatly strengthened by the successful growth of such a crystal from 
polyacrylonitrile as shown in Figure 8. This material has some very 
unusual properties and has generall; been believed to be only rather poorly 
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Fig. 10. Replica of a fractured face of isothermally crystallized, low molecular weight 
fraction of polyethylene. 





Fig. 11. Replica of a fractured face of isothermally crystallized, high molecular weight 
fraction of polyethylene. 


crystallizable, if indeed it could be crystallized at all. This crystal of 
polyacrylonitrile and its accompanying electron diffraction pattern clearly 
shows that such a material can be crystallized. Thus it is safe to conclude 
that crystallization from dilute solution by a chain folding mechanism is a 
fairly general phenomenon in widely different polymers. 

Now let us examine the evidence for chain folding in crystallization from 
the melt. Even before the discovery of single crystals grown from solu- 
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Platelet thickness versus crystallization temperature of molecular weight frac- 
tions of polyethylene. From Holland and Lindenmeyer." 


Fig. 12. 


tion, fractured surfaces of some polymers—especially polytetrafluoroethy!- 
ene were known to show well defined lamellar structure. Melt crystalliza- 
tion of thin films of polyethylene has shown, see Figure 9, that the lamellar 
form is the preferred method of crystallization and electron diffraction 
confirms that the orientation of the polymer molecule is essentially per- 
pendicular to the platelet or the lamella, although deviations of as much as 
30° from perpendicular have been observed. 

The question still may be asked as to whether or not the surface plays 
some part in the formation of such lamellae. Many investigators have 
reported failure to obtain lamellar structure except upon exposed surfaces of 
the melt. However, Fischer’ has reported the observation of lamellae 
on fractured surfaces of melt crystallized polyethylene and recently Ander- 
son in our laboratory has obtained a wide variety of lamellar structures such 
as illustrated in Figure 10. The technique of obtaining good fracture 
surfaces consists among other things of using very sharp molecular weight 
fractions. This particular example was obtained from a rather low- 
molecular weight fraction. However, Figure 11 shows lamellae from a 
higher molecular weight fraction obtained by replication of a fractured 
surface. 

The problem now is to relate the structure of these lamellae which 
occur in crystallization from the melt, to the lozenge shaped lameilae 
which grow from solution. In the lamellae which are formed by melt 
crystallization in thin films it is possible to determine the location of the 
polymer axis by electron diffraction and in those cases where this technique 
has been applied the polymer axis has been found to be essentially per- 
pendicular to the platelet. However, the lamellae which grow in the interior 
of the sample have not yet been shown to have this structure. 
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V-MOLECULAR LENGTH 
*- LONG PERIOD 


0 ' 2 3.6 C«4 5 6 . 7 15 
Fig. 13. Molecular length and x-ray long period spacing of polyurethane oligomers. 
From Kern." 


One other piece of evidence seems to relate these melt crystallized 
lamellae with the solution grown lozenges. I have not yet mentioned 
the fact that the thickness of the solution grown crystals of polyethylene 
are a function of the temperature of crystallization. Figure 12 shows 
our data" for various molecular weight fractions of polyethylene. As 
far as I know, these represent the only published data of platelet thickness 
versus temperature where the thickness was measured from the actual 
photomicrograph rather than from the small-angle x-ray spacings. | 
have always been suspicious that these two methods of measurement were 
not equivalent but I must admit that we did obtain very good agreement 
with the small-angle spacings of others and it certainly appears that the 
x-ray measurement is the more precise and convenient method of measure- 
ment. The question which still remains is, “Can we assume that the small 
angle spacing, which unquestionably is an accurate measurement of the 
lamella thickness of solution grown crystals, is also a measure of the lamella 
thickness in melt crystallized material?” Jf this assumption is granted 
and if the polymer axis is shown to be perpendicular to the lamella thick- 
ness (as it appears to be in melt crystallized lamella of thin films) then 
the existence of chain folding in melt crystallization of polyethylene will 
have been established. 

Some additional evidence that the so-called long period or low-angle 
x-ray spacing is a measure of the molecular fold period is obtained from 
polyurethane oligomers. In ligure 13 are shown data obtained by Kern.'* 
The triangles represent the molecular chain length of the oligomers while 
the dots represent the corresponding small-angle spacing. [Exactly 
similar results were obtained by Zahn" on nylon 6. 

The appearance of melt crystallized lamellae and the behavior of the small 
angle x-ray spacing seem to indicate that these lamellae are analogous to 
single crystal lamellae and consequently consist of folded chains. How- 
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ever, the structure of melt crystallized lamellae is much more in question 
than is the structure of crystals grown from solution. 

In my personal opinion there is still some question as to whether the 
small-angle spacing is an adequate measure of the molecular fold-period 
and until we can obtain a more accurate picture of the arrangement of 
the polymer, within the melt grown lamella, this question must remain 
unresolved. Nevertheless, we still must conclude that chain-folding also 
occurs to some extent in melt crystallization. 


Ill. THEORIES FOR THE FORMATION OF CHAIN FOLDING 
LAMELLAE 


Attempts to account theoretically for the growth of polymer crystals in 
the form of chain-folded lamellae have followed two schools of thought. 
Peterlin and Fischer'*~" have followed the thermodynamic approach in 
which they show that the anisotropy of forces within the crystal gives rise 
to translational and torsional vibrations of such a nature that fixes the 
equilibrium chain length at about the proper order of magnitude. On the 
other hand, Price,” and Lauritzen and Hoffman" have proposed theories 
based upon the kinetics of nucleation. These two approaches, the thermo- 
dynamic, and the kinetic, have been much discussed. I would like to take 
some time to present their essential points without any attempt to get into 
the mathematics employed. 

In the thermodynamic theory, Peterlin and Fischer, observed that the 
greatest differences between polymer crystals and ordinary crystals is the 
large anisotropy of forces which hold the crystal together. In the direction 
of the polymer chain, one has covalent bonds with forces comparable to those 
in a diamond; perpendicular to the chain, the forces are much weaker; but 
those forces between the neighboring chains, which tend to prevent rotation 
around or translation along the chain axis are particularly weak. It has been 
estimated that these differences in forces amount to several thousand times. 
Peterlin and lischer argue that the relative ease with which such a crystal 
can undergo translational vibration along the chain direction and torsional 
vibration about this direction tends to make the free energy density (i.e., 
the free energy per unit length) increase with increasing chain length in a 
crystal. Thus the most stable crystal is not that crystal with the longest 
chain but the one with some equilibrium chain length. This equilibrium 
chain length corresponds to a minimum in the free energy curve resulting 
from a compromise between the increased free energy required to form a 
defect or fold and the corresponding lower free energy that would result 
when the chain length is interrupted by such a defect. In effect, the crys- 
tal is stabilized by chain folding or any other defect that effectively de- 
couples torsional and translational vibrations within the molecule. 

It is perhaps somewhat easier to accept existence of such a minimum in the 
free energy curve as a function of chain length than it is to rationalize the 
change in the position of this minimum with temperature. In order to 
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obtain even qualitative agreement with the observation, this minimum 
must occur at greater and greater chain lengths as the temperature is in- 
creased, i.e., a longer chain length must be more stable at a higher tempera- 
ture than at a lower temperature. Peterlin and Fischer have shown that 
this temperature dependence could result from an averaging or smearing 
out of the interchain potential energy by the torsional or translational vibra- 
tions. At higher temperatures the crystal expands, its interchain poten- 
tial energy is lower and consequently the effect of averaging or smearing is 
less, permitting a larger crystal size. Peterlin and Fischer show that the 
effects they propose are in the right order of magnitude for both the ob- 
served crystal thickness and its temperature variation. Support for this 
thermodynamic explanation is obtained from the observation that anneal- 
ing crystals tends to increase the fold period, as would be expected—how- 
ever, this change is generally not reversible, as would also be expected. A 
more serious objection seems to be that the minimum in the free energy 
predicted by this theory would be broad and shallow and consequently, 
it is difficult to see how it could account for the sharp distribution of fold 
lengths that are observed. 

The kinetic treatment proposed by Price” and also by Lauritzen and 
Hoffman" attempts to account for the fold period by the assumption that 
the platelet thickness or chain fold-period does not differ greatly from the 
fold-period in the critical size nucleus. However, the results are not en- 
tirely satisfactory. Two laier theories, one by Frank and Tosi!’ and the 
other by Price® have modified the original strictly kinetic approach. 

The point of view upon which the kinetic picture is based is the follow- 
ing: In order for crystallization to occur a crystalline nucleus of sufficiently 
large size to be stable must be produced. ‘This is the critical nucleus size 
(which corresponds to the activated complex of reaction rate theory). In 
the early theories the assumption was made that the crystal never grew 
much bigger in the chain direction than the critical nucleus dimension. 
This assumption is a little difficult to justify and the later modifications 
have all made some suitable adjustment for this point. Perhaps the best 
qualitative description of the kinetic theory is to say that the fold-period 
which persists under a given set of crystallization conditions is simply that 
fold-period which forms the fastest. loid-periods below the length for a 
critical nucleus would not form at all. Fold-periods only slightly larger 
than that required for the critical nucieus would not be very stable. On 
the other hand very long fold-periods would not be very likely because of 
the time required for their formation. Consequently, there must exist for 
a given set of crystallization conditions some optimum fold-period which 
occurs most rapidly. This is the fold-period which is determined by kinetic 
phenomena. It is that crystal thickness which grows most rapidly. 

In preparing for this paper I was struck by the fact that this situation 
is not really at allnew. The question of whether polymer chains fold on 
crystallization as a result of thermodynamic or kinetic considerations is 
exactly analogous to the question of whether thermodynamics or kinetics 
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Fig. 14. Theoretical data of Peterlin, Fischer and Reinhold** compared with experi- 


mental data. 


control the crystallization habit of ordinary low molecular weight materials 
such as salt. Gibbs,?! Curie,?? and Wulff** were the earlier proponents of 
a thermodynamic equilibrium principle as the explanation of the crystalliza- 
tion habit while Nernst®* and Noyes” held forth on explanations that were 
essentially kinetic. It might be of some interest to note how this old 
controversy is presently regarded. The main conclusion appears to be 
that the equilibrium or the thermodynamic criteria are valid, in principle 
at least. Crystals grown under equilibrium conditions should attain the 
form predicted by the equilibrium theories. However, since crystals 
grow at a finite rate, the applicability of any purely thermodynamic theory 
can be questioned and one must frequently expect dynamic considerations 
to outweigh the thermodynamic factors. 

How then must we regard these two essentially quite different theories 
for chain-folding in the crystallization of polymers? At the present state 
of development both theories can adequately account for the thickness 
versus temperature data. In Figure 14 we show the most recent calcula- 
tion of Peteriin, Fischer, and Reinhold* using the torsional vibrations in- 
stead of the translational vibrations used in their earlier work. Using the 
end surface energy as a parameter they are able to fit the observed thickness 
data best with a surface energy of 40 erg/em.*. On the other hand Price” 
in his second theory calculates statistically the most probable chain-fold 
period as in Figure 15. This curve was adjusted to fit the experimental 
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data and from these adjusted constants his theory calculates that the sur- 
face energy of the folded or end surface should be 110 ergs/em.*. Frank 
and Tosi'® in a similar manner also arrived at the conclusion that this sur- 
face energy must be of the order of 80-150 erg/cm.*. They are able to 
rationalize a value as high as 70 erg/cm.? but admit that 100 erg/cm.? is 
more than they can reasonably explain. Dr. Peterlin has recently told 
me that in spite of the much better agreement with experimental data, he 
is much less confident that the thermodynamic theory can account for 
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Fig. 15. Theoretical data of Price compared with experiment. 


chain folding than he was when he first published the theory two years ago. 
On the other hand, the theories based upon kinetic considerations are 
somewhat at a loss to explain the very high values of the end surface energy 
which they require to fit the data. Furthermore, they all essentially 
start with the assumption that the chain somehow folds for the first 
time. 

Now it probably would be better if I were simply to leave the subject 
at this point and say that it is still unresolved which is certainly true. 
However, I am determined to at least make an attempt to present a some- 
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Fig. 16. Reneker’s model” of a ‘‘point defect”’ in polyethylene. 


what more satisfying conclusion even if it may ultimately be proved to be 
completely wrong. 

I would like to suggest that for the time being we accept both theories 
as valid and I would like to propose that a combination of the two might 
‘vell explain some of the present difficulties. Thus, if we accept the ther- 
modynamic argument for the existence of minimum in the free energy at 
about the right order of magnitude, then the assumption that the initial 
primary nucleus is folded becomes somewhat more reasonable. Both 
Price® and Frank and Tosi'® assume that subsequent chains can fold with 
lengths greater or less than the initial substrate of the nucleus and they 
show that these lengths will probably not deviate very much from this 
value if the surface energy is of the order of 100 erg/em.?. Now suppose 
the crystal actually grows with this somewhat irregular surface in accord- 
ance with the kinetic theories—would it not be reasonable to expect that 
it would move toward the thermodynamically more stable thickness if 
some mechanism for adjustment of the folds were possible? The kinetic 
theories require a high value of surface energy to get the proper thickness- 
temperature relation and one can see that the surface energy would indeed 
be high if some of the folds were higher and some lower than the average 
thickness. However, if the folds could even out by some mechanism and 
become packed in a regular manner such as the existence of hollow pyrami- 
dal structure clearly shows does occur, then the surface energy should drop 
—perhaps to the value predicted by the thermodynamic theory. 

Now it happens that Dr. Reneker™ has already suggested a mechanism 
which might very nicely allow for the readjustment of chains which had 
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Fig. 17. Illustration of point defects originating at A, progressing through the lattice at 
B, and extending the fold-period at C. From Reneker.*” 


been folded unevenly in the initial crystallization step. His mechanism 
which he calls a “point defect”’ consists of a kink in an extended zig-zag 
chain as illustrated in Figure 16. This kink occupies only a very little 
more space than the extended chain and one can easily demonstrate by 
manipulating the models that such a kink could propagate through a 
crystal lattice as in Figure 17. Here he shows such a point defect which 
has been generated at point A, is presently located at B. An earlier defect 
is located at C. This mechanism was conceived to explain the increase in 
fold period with annealing—but it would serve very well to even up the 
chainfolds so that the surface energy might very well fall from the high 
value predicted by the kinetic theories to the somewhat lower value pre- 
dicted by the thermodynamics. In addition, there is the decrease in free 
energy which would result from the more efficient packing of chain folds 
which is not considered in either theory. 

Consequently—at Icast until some better explanation comes along—I 
prefer to believe that crystallization is probably controlled by the kinetic 
mechanism but that the thermodynamic arguments also have some validity 
and whenever subsequent motion within the crystal is possible it will tend 
to occur in order to satisfy these conditions. This is also in agreement 
with the many reported observations of so-called ‘‘secondary crystalliza- 


tion.” 


IV. CRYSTAL-DEFECT MODEL OF POLYMER STRUCTURE 


I would like now to spend a little time in reviewing the concepts of what 
exactly is implied when we say that a material is crystalline. Crystals 
were first recognized and defined by their external shape or morphology. 
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The science of crystallography was very well developed starting as early 
as the middle of the seventeenth century. However, until the latter part 
of the nineteenth century, it was customary to define a crystal as a material 
which was bounded by plane surfaces which met at fixed angles. 

This definition was amended in the latter part of the nineteenth century 
to consider as crystalline any homogeneous anisotropic solid media. 
Homogeneity was defined as being invariance of physical properties under 
translation while isotropy was defined as invariance under rotation. 
Homogeneity indicates that the material has the same physical properties 
throughout its volume and the anisotropic nature of a crystal simply indi- 
cates that certain physical properties may be expected to change with 
direction, that is with rotation. (It is interesting to note that by this 
definition an oriented amorphous polymer would meet the definition 
as being crystalline.) However, there were additional criteria such as the 
possession of a sharp melting point and a fixed chemical composition which 
in no way followed from the homogeneity and isotropic character of a crys- 
tal. It is also important to note that the definition of homogeneity clearly 
depends upon the resolving power of the physical properties used to deter- 
mine its invariance. It was recognized that there must be some variation 
in properties as the surface is approached, but this problem has generally 
been ignored by considering only unlimited, 1.e., infinitely large crystals or 
only properties which are independent of the actual size of the crystal. 

With the discovery of the diffraction of x-rays by the crystals, the lattice 
concept was clearly proven to be correct. Crystals consisted of orderly 
arrangements of atoms or molecules and consequently gave rise to sharp 
x-ray diffraction lines since the atomic size and wavelengths of the x-rays 
were the same order of the magnitude. Since that time, the ability of the 
material to diffract x-rays has been the most characteristic defining property 
of acrystal. It may be noted that the existence of the sharp melting point 
might be an equally good and independent criterion. Unfortunately, in 
many cases, the material may undergo decomposition prior to melting, 
thus rendering this criterion inapplicable. | High polymers do not fit very 
well into any of these three historical methods of defining crystals. X-ray 
diffraction of even the most perfectly crystallized polymers is always much 
broader than would be expected and usually there is evidence which might 
be interpreted as the existence of both crystalline and noncrystalline ma- 
terial. On the other hand, the polymers which are clearly amorphous, as 
judged by the absence of a sharp melting point (e.g., oriented polystyrene) 
meet the criteria of a homogeneous anisotropic solid medium which was 
the accepted definition of a crystal in the late nineteenth century. Finally, 
we have the example of all of these beautiful electron micrographs of poly- 
mers which clearly meet the earliest definition of a crystal, i.e., they are 
bounded by plane surfaces which meet at fixed angles. Yet we find that 
their density, their x-ray diffraction line profiles and their melting points 
all indicate that perfect crystallinity has not yet been achieved. 

What shall we call material in such a state? I propose that we call it 





CRYSTALLIZATION IN POLYMERS 23 





Fig. 18. Illustrating the growth of spherulites from an amorphous medium. 


the crystal-defect state. The suggestion of the existence of such a state 
is not original with me. I simply want to suggest this name to apply to a 
state of polymer structure which has been suggested in greater or less de- 
tail by a number of authors in the past decade. Unfortunately, many 
people who describe this state of polymer structure have done so by sug- 
gesting that this defect state might actually run the whole gamet from per- 
fect order to perfect disorder. This coneept is apparently in direct conflict 
with the “two-phase” concept. Thus, there is at least an apparent 
conflict between the thermodynamicists who associate an imperfect crystal 
to a nonequilibrium condition—and the structure people who pay little 
attention to phases or equilibrium. ‘This again, is a good example where 
people have argued strongly for their own point of view with little regard 
for others. Actually, the two are not mutually contradictory although 
some proponents on either side would have you think this. 

In Figure 18 we show the growth of spherulites in a supercooled liquid or 
“amorphous” phase. As we move from frame to frame which represent 
progressively increasing times we see that the boundary between the 
spherulitic and the “amorphous”’ phase moves in exactly the way one would 
predict for a phase transition in which the “amorphous” phase was unstable 
and was being replaced by some other more stable phase. It is this seme- 
what more stable material that we wish to describe in a more understand- 
able and ultimately a more useful manner. We might consider it as a 
single phase or as a mixture of two phases—however, I think if we do adopt 
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Fig. 19. Polyethylene adipate crystallized at low and high degrees of super-cooling. 


the latter point of view it would be rather difficult to call one of these two 
phases the “amorphous” phase since we can clearly see that the “amor- 
phous” or supercooled liquid phase is unstable and is being replaced by our 
somewhat more stable spherulite or what I would like to more generally 
call the crystal-defect state. 

The nature of this state is such that it depends not only upon the temper- 
ature and pressure, but also upon other conditions (¢.g., the crystallization 
conditions). In Figure 19 we show the same identical material under the 
same conditions of temperature and pressure. The material is polyethylene 
adipate crystallized by rapid and slow cooling. It is obvious that the 
properties of these two specimens will be different. Furthermore, even 
though they may change somewhat with time they will never approach 
the same state unless they are melted and recrystallized. 

How shall we describe the thermodynamic state of such material? 
There are at least three positions that one can take. First, one can say 
that since we are obviously not at a true equilibrium state the phase rule does 
notapply. Therefore, to speak of a one or a two phase system has no mean- 
ing. Strictly speaking this is certainly true. As the next speaker will 
undoubtedly show, a considerahle amount of molecular motion is possible 
even at room temperature and systems such as the ones pictured here are 


moving toward equilibrium—frequently at a rate that may be easily 
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measured. The point I would like to make is that the two systems pic- 
tured in Figure 19 are not moving toward the same equilibrium or more 
properly the same metastable equilibrium state. If these systems were 
annealed for a long period of time at some high temperature but still below 
the melting point they would approach these metastable equilibrium states 
more rapidly. If after such a long annealing they are again cooled to well 
below this annealing temperature they will be in what is apparently a stable 
state, i.e., the properties of the system will vary reversibly with the temper- 
ature and the pressure. In this sense they are in a metastable state and 
one can apply thermodynamic reasoning to metastable states at least over 
the regions in which they are metastable. 

Under these circumstances one can adopt the second position which is 
that although all these systems might be in equilibrium or metastable 
equilibrium, the phase rule as derived by Gibbs was based on the premise 
that the properties of a phase were dependent only upon the composition 
of the phase, the temperature and the pressure. Since we have here two 
systems with the same composition and whose properties are obviously 
different at the same temperature and pressure, then the premise of the 
phase rule does not apply and we cannot properly speak of a one or a two 
phase system. 

However, it is obvious that both of these systems are heterogeneous, i.e., 
they must consist of at least two different regions. Thus they meet the 
requirements to be considered as a divided system, and Tolman® and 
others have extended the phase rule to cover such systems. This leads us 
to the third possible position. 

The extended phase rule was initially derived to handle dispersed systems 
such as colloids. In this extended phase rule no limit is placed upon the 
number of variables in addition to temperature and pressure which may 
affect the equilibrium. Moreover with the exception of temperature, no 
restrictions are made as to the equality throughout the system of the pres- 
sure or other variables. In this extended phase rule the number of phases 
is replaced by the number of nonidentical regions and the number of vari- 
ables is taken as the least number of variables whose specification, along 
with the concentrations in the various regions will permit a complete 
thermodynamic description of the properties of each of the nonidentical 
regions. 

It is interesting to note that in this extended phase rule it makes no 
difference whether these nonidentical regions consist of the same phase or 
of different phases. It is the number of nonidentical regions rather than 
the number of phases that are considered. It has been shown that each 
time a nonidentical region is added to a system its degree of freedom is 
increased by one. In other words, in a one component system each time 
we add a new nonidentical region it must differ in at least two independent 
variables. 

lor the two systems in Figure 19, it is obvious that we must specify at 
least one other variable in addition to temperature and pressure, i.e., de- 
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gree of freedom = 3. If we assume that we have only one component and 
two nonidentical regions (regardless of whether or not they are composed 
of the same or different phases) we see that we must have four independent 
variables in order that we should predict the required three degrees of 
freedom. What are the two additional variables? If one makes the anal- 
ogy to dispersed systems then one might select the size and concentration 
of the dispersed regions as the two necessary variables. 

The usual variable in polymer systems is the degree of crystallinity which 
is a combination of the size and number or concentration of crystallites. 
Thus if we try to say that the properties of a system are determined by the 
temperature and the pressure and the degree of crystallinity we are specify- 
ing all four of the variables rather than just the three which are permitted 
by the phase rule. A much more reasonable way would be to assume that 
the number of crystallites, i.e., their concentration is determined or fixed by 
the crystallization conditions. At a given temperature and pressure the 
crystallite size takes on the value necessary for equilibrium, i.e., the size 
necessary to make the free energy of the crystallite equal to the free energy 
of the amorphous region which is also a function of the number or concen- 
tration of crystallites. 

An interesting sidelight that might be mentioned here is the requirement 
that at equilibrium all the crystallites should have the same surface to 
volume ratio. Thus a distribution of crystallite sizes which is sometimes 
postulated could not exist in anything like equilibrium conditions. If 
such a distribution of sizes were to exist then each size of crystal would 
have to be considered as a nonidentical region and would require an ad- 
ditional degree of freedom or two additional variables. This could get 
rather complicated but it is conceivable that some such a system may be 
necessary to completely characterize a system such as some of the various 
morphologies seem to indicate. 

Now, I have attempted to show—at least as far as thermodynamics is 
concerned—that it is purely a matter of convenience to the user whether 
or not he considers « polymer under equilibrium or metastable equilibrium 
conditions to consist of one or two phases. The important thing is to 
recognize how many independent variables are required to characterize the 
properties of each phase. 

It would seem to me that a much more pertinent question to ask is “Do 
we have a system that is best described by crystallites embedded in an 
amorphous matrix, or by disordered material or defects embedded in a 
crystalline material?” Jn either case when the concentration of crystallites 
or defects begin to have an appreciable effect upon the properties of the dispers- 
ing medium the degree of freedom of the system is increased and we must add 
additional variables in order to characterize the system. 

The more common concept of crystallites embedded in an 
matrix is probably most useful in considering polymers with a low degree 
of crystallinity—e.g., rubbers or elastomers. On the other hand, in poly- 
mers which crystallize to a high degree the opposite concept is extremely 


“amorphous” 


useful. 
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One way in which we might visualize this crystal-defect model is to 
consider the noncrystalline or imperfectly ordered component as being 
essentially dissolved or in a solid solution of the crystalline component. 
This is sometimes a useful concept since it makes it easy to see how certain 
crystal defects may diffuse through the crystal lattice. 

However, there is still another way of visualizing this crystal-defect 
model which I have found very useful. This consists of associating the 
poorly ordered or defect regions with the boundaries of the perfectly crystal- 
line regions. It has always beeu recognized that boundaries of a crystal 
may consist of a less ordered region, however, in most cases this boundary 
can be ignored because it is so small as to be negligible in comparison with 
the remainder of the crystalline phase. However, this will only be true 
when the surface to volume ratio is small. When the region in question is 
very finely divided, such as, a polycrystalline material with very small 
grain size, then the surface (i.e., the grain boundary region) io volume ratio 
is large and can be expected to play an important role in determining the 
properties of the system. I have found it useful to consider this surface 
to volume ratio as an index to the morphology or crystallization habit about 
which I will have more to say later. At this point, I only wish to suggest 
that the surface to volume ratio is an important structural parameter 
and is to be associated on one hand with the particular metastable equilib- 
rium to which the polymer structure is approaching and on the other hand 
to the crystal morphology or crystal habit. The ratio to which I refer is 
the surface of a crystalline particle with a fixed orientation to the volume 
of such a particle. Such a surface may represent only a poorly crystallized 
boundary between two crystalline regions with slightly different orienta- 
tions. 

My main purpose in this discussion was to show that it is not necessary 
to discard or disprove the crystalline-amorphous concept in order to make 
use of the crystal-defect model. Either model can satisfy the thermody- 
namic considerations. There are, however, certain instances where one 
model is ‘more useful than the other. I am convinced that the crystal- 
defect model of polymer structure has much to offer in the way of useful- 
ness. 

Now it is not possible for me to present all the evidence which demon- 
strates the usefulness of this crystal-defect model of polymer structure. 
Let me give a couple of examples of the utility of this concept. In Figure 
20 we see a number of single crystals of polyethylene with the typical or 
characteristic pleat. As we have shown earlier, this has been rather con- 
clusively shown to result from the fact that the crystal grew as a hollow 
pyramid and collapsed onto the microscope grid in the manner previously 
shown. Measurements of the density of similar crystals have shown that 
the density is significantly less than the density of a perfect crystal. If 
we adopt the crystalline-amorphous concept we must conclude that crystals 
like those shown in this slide are about 18-20% “amorphous.” One must 
then argue tht this twenty per cent of amorphous or liquid-like material is 
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Fig. 20. Polyethylene crystals with central pleat. 


located somewhere in the crystal and a distinct phase boundary separates 
the crystalline and the amorphous phases. One ‘suggested location for 
such amorphous material is in the top and bottom surfaces of the platelet. 
Now it would be hard to argue that this is not true if these crystals were 
truly flat lozenges. However, it has been shown that they are not orig- 
inally grown as flat platelets but the molecular folds are staggered in an 
exact regular way which determines the slope of the pyramid and is not 
compatible with a ten per cent liquid-like structure on each surface. 

To account for the same low density by the crystal-defect model it turns 
out that one must only incorporate about 4% of void into the crystal as 
defects. For a typical molecule which makes 30—40 folds of about 100 units 
each, one need only assume that the end of a molecule occurs—on the aver- 
age—about halfway through the crystal leaving the remaining lattice 
void. It is not meant to suggest that this is the location of these voids—it 
is only meant to.indicate that the number of voids are not at all unreason- 
able. The actual location of such void structures is more likely located 
throughout the crystal in various defect structures. 

Zaukelies?’ at our laboratory has applied this reasoning to nylon 66 and 
has shown that a typical nylon sample density can be accounted for by the 
assumption of only 7% void structure. In addition, he receives excellent 
confirmation of this estimate from the absorption isotherms of phenol. 

A much more striking illustration of the utility the crystal-defect model 
is his use of this model to explain the fracture of doubly oriented nylon in 
terms of a crystallographic slip mechanism. The crystal structure of most 
polyamides and in particular nylon 66 and nylon 610 consists of extended 
polymer molecules bonding together into sheets by the hydrogen bonding 
of the polypeptide group. It is easy to predict from well knewn principles 
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Tig. 21. Pole figure shown the concentration of crystal planes in doubly oriented nylon. 
From Zaukelies.*? 
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Fig. 22. Illustration of Zaukelies experiment with doubly oriented nylon.*? 


that crystallographic slip should occur only in these hydrogen bonded 
planes (the 010 planes) and that the slip direction would very likely be the 
direction of the chain axis. It is also well known that many polymers can 
be doubly oriented by a combination of drawing and rolling. Tl igure 21 
shows a pole figure of a double oriented nylon. The “poles” or 
normals to the (010) plane are all essentially perpendicular to the rolling 
plane while the poles of the (1, 3, 14) plane which represents the polymer 
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Fig. 23. Ductile fracture which oecurs when stress is concentrated in the slip plane. 
From Zaukelies.*° 





Fig. 24. Brittle fracture which occurs when stress is concentrated perpendicular to the 
slip plane. From Zaukelies.*9 
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axis are all essentially oriented along the drawing direction. This double 
orientation process is possibie with many polymers, and in nylons it has the 
unique effect of isolating the most probable crystallographic slip system, 
i.e., the [1, 3, 14] (010) system. Figure 22 illustrates the very simple ex- 
periment which Zaukelies performed. Blocks of doubly oriented nylon 
were notched both parallel and perpendicular to the (010) plane as illus- 
trated and then subjected to tension along the polymer axis—i.e., the slip 
direction. The cut or notch served to concentrate the stress either in the 
(010) planes or perpendicular to the (010) planes depending upon the 
location of the cut. In Figure 23 we show the results of breaking the 
specimen when the force was concentrated in the (010) plane—and Figure 
24 is the specimen with the force concentrated perpendicular to the (010) 
plane. 

From the point of view of crystallographic slip these results are exactly 
what one would expect on the basis of the crystal structure of nylon. 
However, if one attempts to explain these results with the usual crystal- 
line-amorphous concept of approximately 50% crystallites embedded in an 
amorphous matrix things become exceedingly difficult. The crystallite 
upon which the forces are initially concentrated would tend to slip as pre- 
dicted but if the connections between crystallites pass through truly 
“amorphous” regions, the stress concentration cannot be passed on to the 
next crystallite even if it is perfectly oriented. Consequently, the stress 
concentration would be spread out and fracture would soon become in- 
dependent of the initial concentration. The only way to account for the 
observed results is to assume that the ‘‘amorphous’”’ regions are also highly 
oriented in the same way as the crystallites. Thus we have a situation 
where it is simply more useful to consider a crystal-defect model. 

This is especially true since the use of such a model now puts the treat- 
ment solid polymers into a position where they may be compared with the 
treatments of metals. I am convinced that exploitation of this analogy 
between metals and polymers will have far-reaching consequences not only 
in polymer structure but also in metallurgy as well. The crystallizing and 
annealing of polymers provide an opportunity of keeping track of a 
unique direction which is not possible in metallurgy. Furthermore, the 
low symmetry of polymer crystals in some ways greatly simplifies the re- 
sults to be expected. 


V. CRYSTALLIZATION HABIT AND MORPHOLOGY 


I would like to return now to a somewhat more general aspect of crystal- 
lization of polymers. This has to do, not so much with thermodynamics or 
whether to what extent polymer molecules fold when they crystallize as 
it does with the external form of the crystals as they grow. This external 
form is usually called crystallization habit or by the still more general term 
morphology (morphology is the science of form—thus crystal morphology 
is identical with crystal habit but polymer morphology may include the 
form of noncrystalline material). 
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Fig. 25. Polyamide crystal with single growth spiral. 





Fig. 26. Polyethylene oxide crystal with multiple spiral growth terraces. 


As I have indicated polymer morphology goes somewhat beyond deter- 
mining whether or not chain folding occurs upon crystallization. We are 
also very much concerned about the nature of the structures which occur 
when crystallization takes place under nonequilibrium conditions and about 
changes in structure which occur during an annealing period. Crystalliza- 
tion habit includes not only the various crystallographic faces which may 
develop on a crystal but also such things as hollow skeletal crystals, den- 
dritic crystals, and spherulitic crystals. 
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Fig. 28. Polyethylene crystal with six-fold twining. 


I have already expressed the opinion that a crystalline polymer might be 
considered as approaching one of a series of metastable equilibrium states 
determined by the crystallization and/or annealing conditions and that 
these states differ from each other mainly by the surface to volume ratio. 
I now wish to propose as a hypothesis that these various metastable equilib- 
rium states correspond directly with the crystalline morphology which is 
determined upon crystallization. Thus, crystallization habit or morphol- 
ogy can be expected to form a continuous series ranging from a single 
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crystal habit from dilute solution through the various forms of spherulitic 
crystal habit to nonspherulitic crystallization. This hypothesis of con- 
tinuous crystallization habit is certainly far from a proved or even an 
established theory. It has ax its sole redeeming feature that it has been 
valuable to me-and some of my colleagues in providing a framework upon 
which to compare observed results. As such, it has been useful and I 
present it here mainly in the hope that it may be of some utility to others. 

The most important variable in determining what crystallization habit 
(morphology) occurs is the degree of super-cooling (or super-saturation). 
However, this is not the only factor. I would like to suggest that the mor- 
phology which occurs upon crystallization is largely determined by three 
different rates, all of which depend upon the degree of super-cooling but in 
somewhat different ways. Tl irst, the primary nucleation rate; second, the 
crystallization growth rate, and third, the rate of generation of defects or 
dislocations in the crystal. The primary nucleation rate (i.e., the number, 
location, and orientation of primary nuclei both heterogeneous and homoge- 
neous) and the rate of generation of defects or dislocations essentially deter- 
mine the nature of the metastable equilibrium state to which the crystal 
polymer tends toward and the growth rate-——(which may be either diffusion 
or nucleation controlled) determines the rate at which this metastable equi- 
librium is approached. 

For example, when a polymer crystallizes, it does so starting from a num- 
ber of primary nuclei; as crystallization progresses, certain crystalline 
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imperfections (defects or dislocations) occur which tend to change the 
orientation of the crystal and cause branching’ or twining. Assuming that 
the number of primary nuclei is fixed—as is frequently the case—and that 
the rate of dislocation generation is low in comparison with the coherent 
growth rate one obtains rather simple crystallization habit or morphology 
as in Figure 25 which shows a polyamide crystal with a single spiral disloca- 
tion or in Figure 26 which shows a terraced structure of polyethylene oxide. 
If the rate of dislocation or twining is slightly higher, one obtains double 
or more elaborate structures as in Figure 27. At the still higher rate of 
defect generation, as in igure 28, we obtain dendritic or tree-like growth 
and at still higher rates we lose almost complete track of the crystallo- 
graphic directions of the original primary nucleus and the structures are 
known as spherulitic (Fig. 29). 





Fig. 30. Polyethylene spherulite with varying degrees of twisting and branching. 


In a spherulite (see for example Fig. 30) the rate of defect generation 
which might also be termed noncoherent growth nucleation—is greater 
than the coherent growth rate. Under these circumstances the volume 
available is soon occupied by a skeletal structure and the remaining un- 
crystallized material is left to fill in as best it can. Consequently, it is 
easy to see how voids may be incorporated into the structure. Since the 
number of defects in the crystal structure is large, the volume of perfect 
crystalline material having exactly the same orientation is relatively small 
consequently the surface to volume ratio is large. Such a crystalline mate- 
rial can increase its stability by the migration of defects through the crystal 
lattice in such a way as to decrease the surface to volume ratio of the 
individual crystals. This is the process sometimes called secondary 


crystallization. 
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If the material is annealed at a temperature above the original crystal- 
lization temperature some of the small areas can melt and recrystallize 
but the ultimate structure is largely determined by primary nuclei and 
noncoherent nucleation or defects generated under the conditions prevailing 
at the time of crystallization. 

Time does not permit going into this hypothesis in any greater detail. 
Let me simply say that it is my belief that the study of polymer morphology 
will ultimately develop into a field which will produce practical results 
in every way comparable to the science of physical metallurgy. There are 
many of us who can already visualize these results. 


VI. SUMMARY 


I would now like to take a few minutes and try and summarize the main 
points of what I have tried to present here. I have tried to present what 
I believe is a reasonable, unified picture of the present state of our knowl- 
edge of polymer crystallization. This picture is admittedly, optimistic 
and may perhaps gloss over what some people might consider serious dis- 
crepancies or differences of opinion. However, I hope that it will be of 
some value particularly, to those of you who do not wish to become in- 
volved with those fine points of interpretation and experiment which are 
certainly far from being settled at the present time. 

First of all, it appears that there is now conclusive evidence that a large 
number of polymers may be crystallized from dilute solution given the 
proper conditions. These crystals are in the form of thin platelets with the 
polymer axis essentially perpendicular to the platelets. In the case of 
polyethylene there is also conclusive evidence that the polymer folds or 
pleats in a very regular manner in order to produce elaborate hollow py- 
ramidal structures. Furthermore, it has been established that crystalliza- 
tion from the melt, under some conditions, tends to produce lamellae which 
are closely related to the single crystal lamellae from dilute solution. Thus 
one must conclude that chain folding or periodic crystallization is a pre- 
ferred method of polymer crystallization and occurs at least to some extent 
even in crystallization from the melt. It has been shown that there exists 
at least some plausible reasons, based upon the known anisotropy of crystal 
forces, why the equilibrium state of a polymer crystal may not consist of 
a completely extended chain. There are also kinetic reasons why a par- 
ticular fold-period might persist and give rise to the observed structures. 
Whether thermodynamic equilibrium conditions or kinetic considerations 
should prevail can probably not be answered in general. It is my personal 
opinion that kinetic considerations are the determining factor in most sit- 
uations but that the system then moves in the direction of some particular 
metastable equilibrium state also determined by the crystallization con- 
ditions. Annealing at a temperature in excess of the crystallization tem- 
perature can under some conditions change the metastable state to which 
the system moves, but it cannot entirely wipe out the effects of the original 
crystallization conditions. 


' 
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If the polymer can be considered as being in such a metastable equilib- 
rium state so that it does not change its properties with time, then the phase 
rule as extended by Tolman is applicable and the polymer may be con- 
sidered as consisting of ether a one phase system or a two phase system 
depending upon how many independent variables are necessary to char- 
acterize the properties of the various phases. I have attempted to show 
that the single phase crystal defect model can prove useful in a number of 
cases and in particular I have tried to show that it is not necessary to reject 
or disprove the crystalline-amorphous concept in order to use the crystal 
defect model. 

Finally, I have proposed the hypothesis of continuous crystallization 
habit in which I identify each of these metastable equilibrium states with 
the observed polymer morphology which is fixed at the time of crystal- 
lization. The crystallization conditions which determine the morphology 
are as yet not completely understood, however, they must certainly in- 
volve the following: the primary nucleation rate, and the orientation of 
such nuclei; the crystal growth rate—which may be either nucleation 
or diffusion controlled; the noncoherent nucleation rate or the rate of 
generation of defects or dislocations. All of these rates are dependent 
upon the degree of super-cooling but they may depend upon it and upon 
other factors in different ways. 


The author wishes to thank Dr. Phillip Geil, Dr. Anton Peterlin, and Dr. Fraser Price 
for helpful discussions and permission to show pictures and data from their work and he 
is especially indebted to Dr. V. F. Holland and Mr. Frank Anderson for all of the electron 
micrographs in this paper most of which have never been published. 
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Synopsis 


An attempt has been made to present a unified picture of the present state of knowledge 
of polymer crystallization. It now appears that there is conclusive evidence that a 
large number of polymers can be crystallized from dilute solution in the form of thin 
platelets with the polymer axis essentially perpendicular to the platelet. In the case of 
polyethylene there is also conclusive evidence that the chains fold or pleat in a very 
regular manner. In crystallization from the melt there is considerable evidence for a 
lamellae-type structure indicating that at least to some extent chain-folding also occurs 
in this kind of erystallization. Plausible reasons exist, based upon the known anisotropy 
of crystal forces, why the equilibrium state of a polymer crystal may not consist of a 
completely extended chain. There are also kinetic reasons why a particular fold-period 
might persist and give rise to the observed structures. Whether thermodynamic 
equilibrium or kinetic considerations should prevail can probably not be answered in 
general. It is the author’s opinion that crystalline polymers may be considered either as 
two phase or a single phase system depending upon how many independent variables are 
necessary to characterize the properties of the system. Examples are given to show the 
utility of the single phase or crystal-defect model and an attempt is made to show that 
the crystalline-amorphous model need not be disproved in order to use the crystal-defect 
model. Finally a hypothesis of continuously varying crystal habit is presented in which 
the crystal habit is attributed to the relative values of three nucleation rates. 


Résumé 


On a essayé de présenter une image d’ensemble de |’état présent des connaissances 
sur la cristallisation des polyméres. I] apparait maintenant qu’il est évident qu’un 
grand nombre de polyméres peuvent ¢tre cristallisé au départ d’une solution diluée sous 
forme de petites paillettes od l’axe du polymére est essentiellement perpendiculaire a 
la paillette. Dans le cas du polyéthyléne, on peut également conclure que les chaines 
se plient et se plissent de fagon réguliére. Lors de la cristallisation au départ de |’état 
fondu, il semble vraisemblable qu’il vy ait une structure de type lamellaire indiquant 
qu’au moins jusqu’a un certain degré il y a plissement des chaines dans ce genre de cris- 
tallisation. I] existe des raisons plausibles, basées sur l’anisotropie connue des forces 
cristallines suivant lesquelles l’état d’équilibre du cristal polymérique pouvait ne pas 
consister en une chaine complétement étendue. II existe aussi des raisons cinétiques 
pour lesquelles une période de plissement particulitre puisse persister et donner lieu 
aux structures observées. On ne peut pas, en général, prédire que ce soit l’équilibre 
thermodynamique ou les considérations cinétiques qui prévaudront. C’est l’opinion 
des auteurs que les polyméres cristallins peuvent étre considérés comme formés d’un 
systeme d’une ou deux phases; plusieurs variables indépendantes sont nécessaires pour 
caractériser les propriétés du systeme. On donne des exemples de |’utilité du modéle 
4 phase unique, ou A défaut cristallin, et on essaye de montrer que les modéles cristallins 
amorphes ne doivent pas étre abandonnés au profit des modéles 4 défaut de cristaux. 
Finalement une hypothése de variation continue de la forme du cristal est présentée 
dans laquelle le forme du cristal est attribuée aux valeurs relatives de trois vitesses de 


nucléation. 
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Zusammenfassung 


Kin Versuch zum Entwurf eines einheitlichen Bildes des gegenwiirtigen Standes des 
Wissens iiber Polymerkristallisation wurde unternommen,. Es scheinen jetzt schliissige 
Beweise dafiir vorzuliegen, dass eine grosse Zahl von Polymeren aus verdiinnter Lésung in 
Form diinner Plaittchen mit der Polymerachse im wesentlichen senkrecht zum Plittchen 
kristallisieren kénnen. Im Falle des Polyiithylens bestehen auch schliissige Beweise 
dafiir, dass sich die Ketten in sehr regelmiissiger Weise falten. Bei Kristallisation aus 
der Schmelze bestehen gewichtige Hinweise auf eine lamellenartige Struktur, was 
zeigt, dass wenigstens in einem gewissen Ausmass auch bei dieser Kristallisationsart, 
Kettenfaltung auftritt. I%s bestehen plausible, auf der bekannten Anisotropie der 
Kristallkriifte beruhende Griinde dafiir, dass der Gleichgewichtszustand eines Poly- 
merkristalls nicht aus einer vollstiindig gestreckten Kette besteht. Auch kinetische 
Griinde fiir das Auftreten einer bestimmten Faltungsperiode bestehen, die zu den 
beobachteten Strukturen fiihrt. Ob thermodynamische oder kinetische Betrachtungen 
iiberwiegen sollten, kann wahrscheinlich nicht allgemein beantwortet werden. Nach 
der Meinung des Verfassers kénnen kristalline Polymere entweder als zweiphasige oder 
einphasige Systeme betrachtet werden, je nach dem, wieviele unabhiingige Variable zur 
Charakterisierung der Kigenschaften des Systems notwendig sind. Beispiele fiir die 
Verwendbarkeit des Einphasenoder Kristalldefektmodelles werden gegeben und es 
wird gezeigt, dass das kristallin-amorphe-Modell wegen der Verwendung des Kristall- 
defektmodells nicht als falsch betrachtet werden muss. Schliesslich wird eine Annahme 
iiber den kontinuierlich variierenden Kristallhabitus vorgelegt, bei welcher der Kristall- 
habitus auf die relativen Werte dreier Keimbildungsgeschwindigkeiten zuriickgefiihrt 


wird, 
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Motion in the Solid State of High Polymers 


BERNHARD WUNDERLICH, Department of Chemistry, 
Cornell University, Ithaca, New York 


A. INTRODUCTION 
(a) Linear High Polymers 


This review deals with the motion of linear high polymers in the solid 
state. The characteristic of linear high polymers is the large difference in 
binding energy along the chain and between chains. Strong primary bonds 
make up the chain while only weak secondary bonds hold the chains to- 
gether in the liquid and solid state. In poly(methylene) for example the 
bond energy in the chain direction is approximately the C—C bond energy, 
80,000 cal./(mole CH2). The energy to separate the chains which are held 
together by van der Waals bonds is only 990 cal./(mole CH:)* as can be 
estimated from cohesive energy density calculations. 


(b) The Solid State 


In an operational definition of the solid state one usually requires solids to 
have an: “innate tendency to return to its original form after forces have 
been applied to it and removed,’’! or to have the capability of ‘‘resisting, 
up to a certain limit, forces tending to deform.’”’? The magnitude and dura- 
tion of the forces, need additional qualification because eventually all solids 
deform if the stress is sufficient. Since there are materials of all degrees of 
rigidity available in nature no sharp boundary between liquids and solids is 
offered by the above definition. 

Some improvement is possible by basing the concept of the solid state on 
more precisely defined operations. The “customary” meaning of the word 
solid is kept if we make its definition read: “solids are non-liquid crystal- 
line materials below their melting points or amorphous materials below 
their glass transitions.” 

A large number of borderline cases are easily classified by this definition. 
lor example poly(tetrafluoroethylene) shortly above its melting point 
(~327°C.) has a viscosity of 10'~-10" poise,’ which is almost as rigid as 
ice at O°C. (10'%-10" poise) by the above definition it is clearly not a 
solid. Rosin smoothly changes its viscosity from 105-10" poise between 
65° and 5°C. Measuring the glass transition places the solid state below 
28°C.‘ with a precision of a few degrees. 


* In the liquid state,* few degrees above the melting range. 


4] 
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The determination of the melting point poses no problem. X-ray analy- 
sis or heat of fusion measurements among others clearly show up the break- 
down of the crystal-lattice. The glass transition also can be found easily 
for example by measuring the increase in specific heat accompanying the 
transition. In case there is more than one transition with a similar char- 
acteristic or a long range over which the transition occurs (see later) only: 
“that temperature at which the specific heat or the thermal expansion coef- 
ficient of the liquid shows a more or less sudden change due to relaxation 
effects in experiments allowing something like 10 min. to | hr. for equilibrium 
to be reached’”® will be called the glass transition. 

The linear polymer with a high defect content presents an added dif- 
ficulty. Semicrystalline samples show a glass transition as well as a melting 
transition at non-identical temperatures. Of the two solutions, to look 
upon the semicrystalline high polymers as a two phase (solid crystalline- 
liquid amorphous) system,® or a one phase system’ the author favors the 
latter. Semicrystalline polymers below the melting point of their crystal- 
line content should accordingly be looked upon as solids. 


(c) The Structure 


The morphological structure of linear high polymers is of great conse- 
quence to the possible motion. The completely amorphous and the highly 
crystalline material form the limiting cases of disorder and order in the solid 
state. 

The completely amorphous polymer is made up of more or less randomly 
entangled chains. Above the glass transition temperature 7',, the equilib- 
rium configuration is established in such a polymer within a short time after 
a disturbance. Cooling below 7, the configuration of the chains at 7’, is 
frozen-in. 

The highly crystalline polymer is usually found if the molecule has long 
uninterrupted sequences of identical repeating units. Even in such mate- 
rials, however, the defect content® is by far larger than in comparable 
monomeric solids. The fraction of defects found in linear high polymers 
range from below 10% as in carefully crystallized polyethylene” to above 
80% as in cold crystallized''! samples of 80/20 mole-% poly(ethylene 
terephthalate-sebacate) copolymer.'® In the latter case it may be more 
suited to talk about crystalline defects in the amorphous structure. 


(d) Motion in the Solid 


The motions possible in the solid state of polymers can be subdivided into 
two main categories, vibrations, and internal rotations. Trarislation and 
rotation of the whole molecule can be excluded because of the large size of 
the polymer molecules. 

In the following, first the theory of vibration and internal rotation will 
be reviewed briefly. Then the experimental results available to describe 
the state of motion of polyethylene will be analyzed. 
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B. THEORY OF MOTION 


(a) The Vibrational Spectrum 


For low enough temperatures only vibrations have to be considered for 
the description of motion in the solid state. This allows in a body of N 
atoms 3N normal modes of vibration, one for each degree of freedom. <A 
normal mode of vibration is characterized such that all atoms participating 
execute a purely harmonic motion of identical frequency v, the normal 
frequency. All other forms of motion can be derived by superposition of 
these normal modes of vibration. 

To describe the state of motion" a coordinate system «;, y;, 2; 1s fixed to 
the equilibrium position of every atom 7. (one Si SN). The force acting 
on atom n depends, however, not only on the displacement of the atom in 
question (%n,Y%n,2n) but also on the displacements of all other atoms. The 
force constant k\? is defined to give when multiplied by b; the force on atom 7 
in direction a which is caused by the displacement of atom 7 by b;. New- 
ton’s equation of motion can easily be written out for this situation. or 
example for any atom n moving in direction x: 


9 , ° nt ni ni n2 
m,d?x,/dt? = —k,41 — ky — kyt1 — bz222 
nn nn nn nN 
rh Kaen re Key Yn Poa kre en eee —k., En ( 1) 
3N linear differential equations of the type of eq. (1) are required to de- 
scribe the overall state of motion of the whole crystal. 
Each normal mode of vibration has the form of a simple harmonic vibra- 
tion and can be represented at atom 7 as 
Xn = A, COS (2arvt + o;) 
Yn = b, cos (2rvt + ¢,) (2) 
Zn = Cn COS (2rvt + ¢g,) 
and 
m,d?x,/dt? = —42r?v2x,m,= — L,xn (3) 


Inserting 3 into 1 leads to the determinant which has as its 3N solutions the 


3N normal frequencies: 
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‘or every normal frequency the type of vibration can be analyzed in prin- 
ciple by solving eq. (1) using the normal frequencies. 

For linear high polymers the method of finding the normal vibrations 
has been worked out in detail by Miyazawa.'* A simplified general model 
of a linear high polymer was treated by Stockmayer and Hecht.” They 
assumed linear straight chains crystallized in a tetragonal lattice with a 
valence angle of 180°. The vibrations of this model can be calculated 
exactly assumirg only 4 reduced force constants. 


Krecucea = k/ar*vm? m (5) 


where vm is the highest frequency of all normal vibrations. Figure | 
represents this frequency spectrum" adjusted to vy, = 515 em.~—! to ap- 
proximate the low temperature vibrations in polyethylene.” The force 
constants used were 0.992 for the nearest neighbor interaction along the 
chain, 0.03968 for the nearest neighbor interaction between chains, 0.002 
for interaction between second neighbors between chains. A bending 
force constant of the 180° valence angle of 0.0992 was assumed. op (v) in 
Figure 1 represents the number of normal vibrations of frequency v. 
Integrating over the whole frequency range gives the total number of 
vibrations (3). 
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Fig. 1. Frequency spectrum of a tetragonal chain structure, as derived by Stock- 
mayer and Hecht." Results given by Genensky and Newell” fitted to a maximum fre- 
quency of 515em.~!. From Wunderlich.” 


If the vibrational frequency spectrum is given it is a simple matter to 
find all thermodynamic quantities from the partition function. The 
partition function for a single harmonic oscillator is 
—hv/2kT ‘| =" hv/kT (6) 


> 


O' wn. = 


e 
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where / is Planck’s constant and k is Boltzmann’s constant. lor the 
assembly of oscillators which represents the solid in question one obtains: 
3N 
Qvv. = TT eW¥/**7/1 — eh /*t (7) 
i=1 
The product in eq. (7) includes all normal frequencies. 
The quantity most accessible experimentally is the specific heat. The 
relationship to the frequency spectrum is given by the Born-von Karman 
theory’ of specific heats: 


Cr=k Sv™ p (v) E(hv/kT)dv (8) 

i stands for the Einstein function which has been tabulated by Sherman 
and Ewell”: 

E(hv/kT) = (hv/kT)? el”/*") (e/*® — 1)2 (9) 


The high temperature limit of L(hvy/kT) is one. Since the intergration of 
p(v) overall frequencies gives 3N the limiting heat capacity at high tem- 
perature is 3R. 

Although the theory of harmonic vibrational motion in the solid state is 
well understood it is extremely difficult to get the exact set of force constants 
to evaluate the frequency spectrum as will be discussed in section C. An- 
other difficulty arises from the fact that actual vibrations are not quite har- 
monic. The usual correction involves treating the equilibrium positions 
of the atoms as a function of temperature. T’or each temperature the new 
equilibrium position is taken as the equilibrium position of a slightly 
changed but harmonic vibration. 


(b) Hindered Rotation 


Rotating the two halves of a linear high polymer around a sigma bond of 
the backbone chain leads to several positions of minimum potential energy. 
These positions of lower potential energy will be preferred by the mole- 
cule at low temperature and are separated from each other by potential 
energy barriers as indicated in Figure 2 which is drawn for rotation around 


Pot. NAVA, 
Energy 
——eeeee eee 


-180 90 0 90 180 
Angle of Rotation 


Fig. 2. Potential energy barrier for rotation around a substituted C—C—bond. The 
0° position corresponds to the trans configuration, the two side minima correspond to the 


two gauche positions. 
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a C—C bond. The different conformations the molecule can assume are 
called rotational isomers. If the thermal energy k7’ is much smaller than 
the barrier height, the equilibrium between the different conformations is 
frozen-in. The only motions in this case are torsional oscillations around 
the minimum position. The treatment of these vibrations is analogous to 
the description given in the previous part. If k7' is very much larger than 
the potential energy barrier, the latter can be neglected and virtually free 
rotation is possible. The semiclassical partition, function for free rotation 
is?! 
‘ santies 
Q; = (82 int. kT) “*/ ho; (10) 
where J int. is the appropriate moment of inertia and ¢o; is the symmetry 
number for rotation around the sigma bond. Irom this the high tempera- 
ture limit of the heat capacity can be derived. 
C; = R(d/dT) (T? d1n Q,/OT) (11) 
C,= R/2 (12) 
The more interesting case is that of hindered internal rotation, where k7’ 
is the same order of magnitude as the potential energy of the barrier hinder- 
ing rotation. The energy levels for this case are expected somewhere in 
between the torsional oscillation and the free rotation situation.2?*> Exact 
results are available for few small molecules** in the solid state. The 
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Fig. 3. Contribution of internal rotation to the heat capacity of ethane calculated for 
different hindering potentials by Herzberg.* 


usual way to evaluate the magnitude of the potential energy barriers is to 
fit experimental specific heat curves or entropy data to theoretically cal- 
culated values.%> <A series of typical c,-curves for ethane-like molecules”™ 
are shown in Figure 3. Other methods for the determination of barrier 
heights are vibrational spectroscopy””*> and nuclear magnetic resonance 


measurements. ?® 
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C. POLYETHYLENE 
(a) The Structure of Polyethylene 


999 


Before the question: ‘‘What is the state of motion?” can be answered, 
a detailed knowledge of the structure must be acquired since motion is 
strongly dependent on the structure of the solid. 

For solid polyethylene two main groups of morphological structures are 
found. The first arises when the melt or a solution is quenched some 40° 
or more below the maximum melting or dissolution temperature. The 
crystalline arrangements from melts are called spherulites® and are made up 
of twisting ribbons emanating from a common center. When they reach 
large size their appearance under the polarizing microscope is shown in 
igure 4. A similar although more accessible structure called dendritic 
arises from solution.*! An interference micrograph* is shown in Figure 5. 
The dendritic structures can be analyzed easily. Their structure is open 
enough, so that on precipitation on a microscope slide for example all 
branches originating in the center will line up on collapsing in an easily 
analyzable*! fashion as can be seen in Figure 6. 

The second group of morphological structures arises on very slow cooling 
not too far from the maximum melting or dissolution temperature. These 
structures, single crystals, have first been described crystallized from solu- 
tion.*® On careful crystallization these single crystals can be grown to 
the same size as dendrites and spherulites. Figure 7 shows a growth spiral 
which is made up of a single crystal platelet which developed a screw dis- 
location which led to the growth in the vertical direction. The large growth 
spiral in Figure 7 has a thickness of 130 A. for each step and a total height 
of 20000 A. In melt crystallized samples similar growth spirals and lamella 
structures have been found. ** 

On a molecular scale all crystalline structures are made up of orthorhom- 
bic unit cells* as is shown in Figure 8. The polyethylene chains are fully 
extended and all CH.-groups are in the trans conformation. Point group 
D., is isomorphic with the polyethylene chain factor group. In the den- 
drites and single crystals of Figures 6 and 7 the chains are arranged such 
that their axis is at right angles to the plane of the paper necessitating 
folding of the chain.** Besides the chain folding defects at the surface a 
whole series of other defects® have been found to be present, disrupting the 
idealized orthorhombic arrangement of Figure 8. Everyone of these 
defects changes the thermodynamic properties of the total sample. Melt- 
ing point determinations on the samples described here vary for example 
for the identical low pressure polyethylene (Marlex 50) from below 118°C. 
to above 138°C.” A first approximation to describe a sample of poly- 
ethylene is to give the fraction of material which is in the perfectly crystal- 
line arrangement, the crystallinity ‘w, since most defects are not completely 
disordered, they would have to be considered fractional crystalline. The 
surface folds for example correspond to a °w of 0.65 if one uses the specific 
volume as a measure of crystallinity. Further improvement of this 
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first approximation is possible when additional information on the type 
and number of defects is available.’ For properties like specific heat, 
density, and heat content the single parameter crystallinity concept is 
sufficient to explain experimental data of polyethylene up to a temperature 
limit which will be discussed in part f. 





Fig. 5. Interference micrograph of a solution grown dendrite of polyethylene, held in 
suspension by being immersed in oil. The long side of the photograph is 0.07 mm. 


(b) Specific Heat of Polyethylene 


Every motion contributes to the specific heat. The theory of specific 
heats is well developed,®* so that with the exact knowledge of specific heat 
many quantitative conclusions about the motional state can be drawn. 
Since for linear high polymers it is impossible to obtain a defect free sample, 
it is necessary to extrapolate specific heats to the defect free state by com- 
bining measurements done at different defect concentrations. Figure 9 
shows the result of such an extrapolation.** For the extrapolation 8 
different samples of 5 different operators in 4 laboratories have been used.” 

The main features of the specific heat curves extrapolated to ‘w = 1.0 
and 0, the hypothetical completely crystalline and completely amorphous 
polymer, are as follows: (a) A 7" specific heat dependence is found up to 
5°K. (b) A range of decreasing power of the temperature dependence 
of the specific heat lies between 10 and 110°K. Values for amorphous 
and crystalline samples are identical in this temperature interval. (c) A 
linear temperature dependence of the specific heat is found between 110 
and 210°K., indicated by the arrows in Figure 9. Amorphous and crys- 
talline samples show a different slope. (d) The specific heat of the 
crystalline sample starts levelling off at ~250° K. and shows a further 
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4 Upper Plate 


Spherulites in melt crystallized polyethylene. Pho- 
tographed between crossed Nichol-prisms, The 
long side of the photograph is 0.1 mm. 


6 Middle Plate 

Interference micrograph of a similar dendrite as 
in Fig. 5, flattened out on the microscope slide. 
The long side of the photograph is 0.1 mm. 


7 Lower Plate 


Interference micrograph of growth spirals of 
polyethylene. The step height is 130 A, the total 
thickness 20,000 A. The long side of the photo- 
graph is 0.1 mm. 
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Fig. 8. Unit cell of polyethylene. Drawn after the results of Bunn.* 


almost linear increase at higher temperatures. (e) The specific heat of the 
amorphous polyethylene shows a steep increase, completed at 250°K., 
which is followed by a strictly linear portion up to the highest tempera- 
tures measured (420°K.). 

In the following parts all features of the specific heat curves will be 
traced back to the motion present in polyethylene. At temperatures 
below 250°K. semicrystalline structures can be treated by adding the 
appropriate fractions of the specific heat of the amorphous and crystalline 
limiting cases. Above 250°K. processes not present in either the amor- 
phous or the crystalline complicate the picture. These processes are 
treated separately in part f. 


(c) Vibrations in the Completely Crystalline Solid 


Looking at the unit cell of polyethylene (Fig. 8) it is obvious that no 
rotation around the C—C bonds of the backbone chain is possible without 
disruption of the lattice structure. In accord with this observation it was 
found that at low temperatures the second moment of the line width 
observed in nuclear magnetic resonance determinations‘! is 26-29 gauss’, 
in fairly good agreement with the value of 26.3 gauss?, calculated for the 
rigid lattice of normal paraffins. *? 

Knowing that the specific heat of the completely crystalline polyethylene 
contains only contributions from the vibrational spectrum, it appears 
feasible to invert eq. (8) mathematically to obtain a frequency spectrum 
from the temperature-specific heat values.!* For polyethylene this in- 
version” using electronic computer techniques led to no usable results. 
Excessive amounts of smoothing necessary to make the solutions well 
behaved averaged out all detailed structure of p(v), a problem which had 
been recognized for simple molecules.** 
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Fig. 9. Specific heat of amorphous and crystalline polyethylene extrapolated from 
semicrystalline samples. From Wunderlich.*® 

The more direct way to the frequency distribution is by normal coor- 
dinate analysis as outlined in eqs. (1-4); however, not enough is known 
about the necessary force constants to solve the problem in this way com- 
pletely. For this reason a method is described next which leads to a 
frequency spectrum which is in accord with a partial normal coordinate 
analysis as well as the experimental determinations of specific heats, 
infrared and Raman frequencies. 

Since for each atom there are 3 modes of vibration, there should be 9 
normal modes of vibration for each CH: in polyethylene. These vibrations 
lead to a high temperature limit of the heat capacity eq. (9) of 18 cal./deg.- 
(mole CH:), double the measured value at 300-400°K. To analyze the 
polyethylene normal modes of vibration it is useful to first inspect the 
vibrations of an isolated CH»-group connected to a rigid backbone. This 
type of analysis leads to 6 typical CH_-vibrations whose motion is shown 
schematically in Figure 10. On coupling an infinite number of such 
oscillating CH.-groups in the trans configurations, as in polyethylene, 
ach mode of vibration will give rise to a distribution of frequencies.” 
In addition there is interaction between the different modes of vibration of 
different CH»-groups. Because of the different masses and symmetries 
involved the frequency distributions are relatively narrow and can still be 
identified in terms of the single CH, motion. On building up the poly- 
ethylene structure 3 additional vibrations per CH, have to be added, namely 
the C—C-stretching, the C—C—C-bending and the C—C-torsional 
distributions. : 

Whenever the phase difference of a vibration from one CH, to the next 
along the chain is zero or z, this vibration is Raman or infrared active. 
Studying the Raman and infrared spectrum of polyethylene**** and com- 
paring it with the spectrum of normal paraffins of increasing chain length, 
assignment of upper and lower limits to each of the vibrational distribu- 


tions is possible. 
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Fig. 10. Modes of vibration of the CH2-group. The frequency values correspond to 
vibrations found for polyethylene. 


In Figure 10 values obtained in this way for polyethylene are listed.” 
All these frequency distributions and also the C—-C-stretching vibrations 
which extend from 870-1150 cm.~! (ref. 28) have a lower distribution limit 
above zero cm.~! and are accordingly called optical vibrations. Inspecting 
the numerical values allows a further separation into low optical vibrations 
(CH_-rocking, -twisting, -wagging, -bending, and C-——C-stretching) and 
high optical vibrations (CH-stretching). The remaining bending and 
torsional modes of the backbone have a lower limit of zero cem.~! (ref. 46) 
and are accordingly called acoustical vibrations. Their upper limit is 
below 700 cm.~!, but little knowledge about these comes from spectro- 
scopic studies. 

Further improvement is possible using a partial normal coordinate 
treatment.'* Fitting a set of force constants such that the experimental 
optically active frequencies obtain the proper value, a frequency spectrum 
‘van be calculated,” which includes also the optically inactive frequencies. 
The acoustical vibrations remain even in such a treatment relatively un- 
determined, because at low frequencies intermolecular coupling influences 
the distribution of frequencies. 

Using eq. (8) the contribution of each of the optical vibrational dis- 
tributions to the heat capacity has been analyzed.” It turns out that the 
high optical vibrations contribute only a negligible amount to the heat 
‘apacity below 350°K. (2% of the total c, at 400°K.), while all the low 
optical vibrations contribute 2% at 120°K., and increase up to 40% at 
400°K. The bulk of the heat capacity is accordingly made up of the 
acoustical C—C—C bending and torsional vibrations. The second rise of 
the specific heat above 250°K. can in this way be attributed to the low 


optical vibrations. 
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To analyze the contribution of the acoustical vibrations to the specific 
heat it is now simple to subtract all contributions from the optical vibrations 
from the total specific heat. The resulting specific heat has been analyzed 
in three degrees of approximation, all leading to relatively good agreement 
with the experiment. 

As a first approximation it is possible to take the C--C—C twisting and 
bending frequencies which make up the acoustical vibrations as identical 
to those of gaseous hydrocarbons of short chain length. Despite the rough 
approximation good agreement has been obtained using average frequencies 
of 90 and 320 cm.~' for the twisting and bending modes. * 

A second approximation is to use a model for the frequency calculation. 
The simplest model is to represent the polymer chains by elastic one di- 
mensional rods and have the rods held together in the solid state by weak 
interaction forces. The vibrations can then be calculated using a Debye- 
type treatment.*® As long as low frequencies are considered, which cor- 
respond to weak forces, the model-solid can be treated as a three dimen- 
sional isotropic body which has a frequency distribution of :*° 


p(v) = (9N3 'v3) (v 'v3)? OSrvZ»r; (13) 


3N; is the total number of frequencies and »; the maximum frequency for 
this range. As the frequencies become higher, coupling between different 
rods can be neglected and only frequencies within the rods need to be in- 








cluded: 
p(v) = 3Ni/(1 — v3) = const. vySvsn (14) 
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Fig. 11. Calculated and experimental specific heat of completely crystalline polyethyl- 
ene. From Wunderlich.” 
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Fig. 12. Frequency spectrum of completely crystalline polyethylene. From Wunder- 
lich,” 





vy, is the maximum frequency found, and 3N, is the number of frequencies 
in the region from »; to the highest value. The total number of frequencies 
is then the sum of 3N, and 3N3._ In the case of the acoustical vibrations of 
polyethylene the total number of vibrations is twice Avogadro’s number for 
one mole of CH». The heat capacity for this model can be expressed by a 
two parameter equation by integrating eq. (8) after inserting eqs. (13) and 
(14) and integrating over the appropriate frequency ranges.” 


C,/3R = Di(hy,/kT) — (v/v) [Di(hvs/kT) — Da(hvs/kT)] (15) 


D,(hv/kT) cepresents the one dimensional Debye function and D;(hv/kT) 
the three dimensional Debye function. Both functions have been tabu- 
lated.5'"7 », and v3 can be obtained by fitting the acoustical contribution 
to the heat capacity" which leads to values of 85.5 em.~! for vs and 375 
em.~! for ». 

litting the exact treatment of an approximate chain crystal structure!" 
to polyethylene,®? leads to a similar good fit'’ with a maximum frequency 
of 515 em.~! (see Fig. 1). 

The third approximation is semiempirical and involves the trial and error 
inversion of the specific heat curve with the help of a frequency distribution 
which was partially calculated using the normal coordinate treatment." 
The heat capacity and the frequency spectrum corresponding to this 
approximation after adding all optical vibrations are plotted in Figures 11 
and 12. ‘The deviations of the experimental specific heats at higher tem- 
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peratures are due to a large degree to anharmonicity of the vibrations at 
higher temperatures.” 

Figures 11 and 12 explain all features of the heat capacity curve of com- 
pletely crystalline polyethylene. The low temperature 7* dependence 
(a) is due to a quadratic frequency distribution curve from 0 to 50 em.~!. 
The immediately following heat capacity values (b) are well explained by 
the frequency spectrum up to 200 cm.~!. The almost linear portion (ce) 
is caused by the long flat portion of the frequency spectrum between 200 and 
150 em.~! attributed to the C—-C—C bending. The second steeper in- 
crease above 250°K. (d) is attributed to the contributions of the optical 
vibrations. The leveling off between 200 and 250°K. is thus a direct 
indication of the gap between 500 and 720 cm.~! in the frequency spectrum. 
The high optical vibrations do not contribute appreciably to the heat 


capacities shown in Figure 11. 


(d) Motion in the Completely Amorphous State 


The previous section resulted in the complete description of the motions 
possible in the perfect crystalline lattice. To discuss the amorphous state 
it is useful to discuss the changes during melting. A general fact, which 
is also true for polyethylene, is that the specific heat of the crystalline state 
is not much different from the specific heat of the amorphous state.5* This 
indicates that the motion in solid and liquid are at least not vastly different. 
For polyethylene, Figure 9 shows about the same magnitude of the specific 
heat of the liquid and the crystal at the melting point, but a different slope. 

The three main differences between solids and liquids*‘ are indicated in 
Figure 13. First, the liquid does not have the long range order of the 
crystal. Second, the volume of the liquid is usually larger than that of the 
solid which can be interpreted as the presence of additional! “holes’’ in the 
liquid state with respect to the crystal. Third, the equilibrium positions 
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Fig. 13. Schematic drawing of the changes on melting. 
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of the individual CH_,-groups are not fixed, but change with time, usually 
described by a relaxation time. In the following section the influence of 
each of these three changes upon motion and specific heat will be analyzed.” 

The loss of the long range order must lead to a change in the coupling of 
the CH,-vibration,”® because of the change of the symmetry. For the low 
optical vibrations which are relatively closely grouped between 720-1500 
em.~!, a change in the distribution function will not change the specific 
heat to a large extent and in the following, this change will be neglected. 
A more important change on going from the solid to the liquid is the in- 
troduction of gauche conformations of the C—C—C-backbone. These 
gauche forms cause the loss of the long range order and have a higher 
potential energy. In the potential energy diagram of Figure 2 the trans 
conformation, the only possible one in the crystalline state, corresponds to 
the lowest minimum, while the two gauche conformations are represented 
by the two side minima. The difference in energy between trans and 
yauche form EF, has been estimated to be 800 cal./mole.* The heat 
sapacity contribution is accordingly 


AC, (gauche) = F, (of/oT') (16) 


where f is the fraction of gauche forms present. 

Figure 14 shows the experimental heat capacity of amorphous poly- 
ethylene.*® The second line from the top shows the change due to the 
gauche-trans equilibrium which has been calculated using statistical cal- 
culations for f.” 

The introduction of new holes on melting also has a large influence on the 
heat capacity of the liquid. The effect of the change in the hole equilibrium 
with temperature on the heat capacity of high polymers has been described 
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Fig. 14. Breakdown of the specific heat of amorphous polyethylene into its components. 
From Wunderlich.® 
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by Hirai and Eyring. Assuming one average molar hole energy «, AC, 
‘an be calculated.®° 

AC,, = (Ea/T)(a/RT)e~ /"* (17) 
where AC,, is the heat capacity contribution of the holes per mole of 
repeating units. J, represents the cohesive energy density in the amor- 
phous polymer per mole of repeating units. For polyethylene both, 
AC;, and FE, are experimentally accessible. 2, is 1200 cal./(mole CH) at 
400°K.,* using an amorphous mole volume of 17.7 em.*. This value com- 
pares favorably with the cohesive energy density extrapolated from 
heats of sublimation of short chain compounds by the method of Bunn” 
which estimates 950 cal./mole CH». Figure 14 shows the contribution to 
C, as calculated from eq. (17), assuming constant « and fixing AC,, at 
the glass transition 237°K. to be 2.1 cal./deg. mole CH..*** 

To continue discussing the heat capacity it is now necessary to change 
to the heat capacity at constant volume, which can be done using a 
relationship derived for the crystalline sample,*® since the additional con- 
tributions found in the melt have been subtracted. 

C, — C, = 04896 X 10-4 C,? T eal./deg.(mole CH) (18) 
Subtracting from the C, in Figure 14, the contribution of the 7 optical 
modes of vibration to C, leaves finally the heat capacity of the two 
acoustical modes C-—C—C-bending and C-—C torsion. Their appearance 
is clearly that of a hindered rotator. After reaching the heat capacity of 
fully excited vibrations [C, ~ 2R eq. (8) and (9) ] at approximately 275°K., 
C, changes to a value characteristic for hindered rotation around the C—C- 
bond which in the limit of completely free rotation would show a heat ca- 
pacity of 1.5R; R for the C—C—C-bending vibration and 0.5R for the 
rotation around the carbon bond. Comparison of the C, of this hindered 
rotator with that shown in Figure 3, calculated for ethane matches approxi- 
mately for a barrier height of 3,000 cal./mole. Since many approximations 
have gone into this calculation and the ethane hindered rotator has a 3-fold 
symmetry, contrary to polyethylene, no large accuracy is expected from this 
estimate. Comparison with barriers of rotation of smal! molecular weight 
compounds, however, shows that 3,000 cal./mole is tho right order of mag- 
nitude.?% 

Figure 14 thus explains within today’s error limits the motions and heat 
-apacity contributions in liquid polyethylene. The fundamental cause of 
all differences from the crystalline state are the rotations around the 
C—C-bond. It is the cause of the additional holes and it also accounts for 
the change in number of gauche conformations. On cooling the melt to 
lower temperatures no changes occur in the extrapolated supercooled liquid 
state specific heats down to 250°K. At this point c, drops sharply (see 
lig. 9) indicating a change in the state of motion. 
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(e) The Glass Transition Interval 


Inspecting again the specific heat curve of the amorphous polyethylene 
(I'ig. 9) shows that below 120°K. ¢, of the amorphous and crystalline solid 
are identical. This is taken as evidence that only vibrational motion is 
possible at these low temperatures, a fact which is also supported by NMR 
measurements, which show only one broad component for semicrystalline 
samples below 120°K.®! Above 250°K. the typical liquid specific heat is 
found. In between these two temperatures is the glass transition interval 
which clearly goes in two stages. 

The first stage has its midpoint at 237°K.*® Dilatometric measure- 
ments*' on semicrystalline samples show a change in slope of the specific 
volume at 240 + 20°K., a fact which is normally indicative of a glass transi- 
tion,®*** and can be interpreted as a freezing-in of the hole-equilibrium.®*? 
At this temperature the motions causing a decrease in the number of holes 
on cooling is frozen-in and accordingly the contribution to the specific 
heat caused by this process eq. (17) vanishes. «, can be calculated from this 
drop in c, to be 740 cal./mole holes. NMR measurements show in the 
same temperature range a broadening of the narrow absorption line com- 
ponent®' on going to lower temperature. The narrow component is at- 
tributed to liquid-like motion of disordered polyethylene chains. The 
increase does not go to its final value, but stops at 5 gauss, which corre- 
sponds to a frequency of motion of about 20,000 sec.~'. This motion dis- 
appears finally at 150°K. or lower (see above).*'® Dynamic mechanical 
measurements®** show a loss maximum also indicative of the glass transi- 
tion at 225—255°K. 

The remaining 5 gauss broadened narrow line component in NMR 
measurements, as well as the long specific heat tail and another loss peak® 
in the range of 120—220°K. indicate that below the glass transition at 
237°K there is still some rotational motion left.°* The difference between 
the specific heat at 237°K. of the frozen-in solid glass and the crystalline 
solid is 0.8 cal./deg.(mole CH,), a value which corresponds exactly to the 
gauche-trans equilibrium c,-contribution.” At lower temperatures this 
contribution diminishes quickly and vanishes at 120°K., indicating that 
the gauche-trans equilibrium freezes-in over the wide range from 220 to 
120°K. Estimating enthalpy contributions from this equilibrium leads 
to a final frozen fraction of C—C-bonds in the gauche position for tempera- 
tures below 120°Kx. of 0.165. Dynamic loss measurements on copolymers 
show that this separate freezing of the gauche-trans equilibrium is only 
possible when at least 3 CH,-groups in succession make up the backbone 
chain.® Polypropylene, or chlorinated polyethylenes with less than 
3 CHe in sequence for example do not show the low temperature (7) peak. 

The specific heat data presented here were all extrapolated to zero erys- 
tallinity and showed a linear dependence on crystallinity below 250°K. 
Dynamic loss measurements as well as NMR measurements are far more 
sensitive ‘to the particular type of motion and its frequency, so that for 
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them, description of the structure by one parameter (crystallinity) is in- 
sufficient. A higher approximation is necessary to describe for example 
the shifts in y-peaks with crystallinity of the samples. The first approxi- 
mation presented here (see part a) would call for a constant y peak. 


(f) Premelting of the Semicrystalline Solid 


The previous sections have shown that the specific heats could be de- 
scribed by a single parameter (crystallinity) model up to 250°K. The 
first indications of insufficient accuracy of this model came from relaxa- 
tion time measurements by dynamic mechanical and NMR-methods. 
Above 250°K. the specific heats of semicrystalline samples do not follow a 
simple additivity scheme.” Figure 15 shows the high temperature spe- 
cific heats of semicrystalline polyethylenes.* The deviations from the 
straight lines are dependent upon the crystallinity, shifting to higher tem- 
peratures for higher crystallinities. The extrapolation of the boundary of 
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Fig. 15. Specific heat of semicrystalline polyethylene above the glass transition 
temperature as a function of crystallinity. 
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the area of perfect additivity, indicated by the dotted curve, shows that 
the 100% crystalline sample does not show any deviation up to its melting 
point, 414°K.® Since the amorphous polymer also does not show any 
deviation from the values extrapolated from the melt, the curvature of the 
specific heat must have its origin at the place where ordered and disordered 
chain segments are in the immediate vicinity, so that an interaction between 
the two states can occur. At elevated temperatures this increase in c, goes 
over smoothly into the melting peak. Specific volume measurements” 
show a similar behavior,®” while NMR-line width measurements show a 
narrowing of the broad component in this temperature region paralleling 
the c, and specific volume deviations.*t Dynamic loss measurements also 
show an energy absorption peak (a’) for semicrystalline polyethylene which 
qualitatively shows the behavior found in Figure 15. The a’-peak shifts 
to lower temperatures for lower crystallinities and becomes less intense for 
higher crystallinities.**-® 

The interpretation given for this increase of specific heat, specific volume, 
motional narrowing of the NMR-signal and loss peak is that above the 
dotted line in Figure 15 the disorder and (or) size of the defects increases 
by changing some of the completely or partially ordered chain segments 
in or near the defects already present into a less ordered configuration. 
This ‘‘growth of the defects” has an enthalpy contribution found by spe- 
cific heat measurements. The increased number of holes is detectable by 
the specific volume measurements, while the increased mobility of the chain 
segments in the defects is discovered by NMR and dynamic loss measure- 
ments. 

At even higher temperature the melting phenomena start with consider- 
able amount of recrystallization. To illustrate the difference between 
these melting processes and the ‘‘premelting’”’ growth of defects one can 
look at an 80% crystalline sample of a linear high polymer (Marlex 50). 
The first detectable growth of defects by specific heat methods starts at 
20°C. At 70°C. the increase in specific heat over the additive contribu- 
tions of amorphous and crystalline material is 0.016 cal./deg. g. which led 
by that time to a non-additive enthalpy increase of no more than 0.2—0.4 
cal./g. or a corresponding crystallinity decrease of 0.3-0.6%. The first 
recrystallization over a time period of hours due to previous melting of 
small metastable crystalline areas is discovered at about 110°C. The 
maximum specific heat measured due to melting is 15 cal./deg. g. at 
132°C., while the last trace of crystallinity of this particular sample 
disappeared at 134.85°C. 

This example shows that quite a complicated picture of motion due to 
melting and recrystallization arises at elevated temperature. If the poly- 
mer samples are not bulk annealed as most of the samples discussed here 
the processes are even more involved and information about these is just 
forthcoming now by measuring crystal sizes and NMR-absorption lines.® 
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Synopsis 


After reviewing the theory of vibrations and internal rotation motion in polyethylene 
is described. Experimental measurements of specific heat, specific volume, NMR-line 
width, infrared absorption, Raman spectra, and dynamical mechanical losses are com- 
bined with normal coordinate analysis of vibrations in the solid state, hole theory caleu- 
lations, and statistical treatments of the hindered rotation to describe the vibrational 
spectrum, the hole equilibrium, the gauche-trans equilibrium and the premelting type 


““ 


growth”’ of defects in bulk polyethylene. 


Résumé 


Apres avoir revu le sujet, on décrit la théorie des vibrations et des rotations internes 
dans le polyéthyléne. On a mesuré expérimentalement la chaleur spécifique, le volume 
spécifique, la ligne NMR, l’absorption infrarouge, le spectre Raman, et les pertes mécan- 
iques dynamiques, toutes ces données étant combinées aux coordonés normales des 
analyses des vibrations a l'état solide, 4 la théorie des calculs des trous, aux traitements 
statistiques de la rotation empéchée en vue de décrire les spectre de vibration, A l’équi- 
libre des défauts, 4 |’équilibre gauche-trans et au type de “croissance’’ avant fusion des 


défauts dans le polyéthyléne en masse. 
Zusammenfassung 


Nach einem Uberblick iiber die Theorie der Sechwingungen und inneren Rotation 
werden die Bewegungsvorgiinge in Polyiithylen beschrieben. Versuchsergebnisse der 
Messung der spezifischen Wiirme, des spezifischen Volumens, der NMR-Linienbreite, 
der Infrarotabsorption, des Ramanspektrums und des dynamisch-mechanischen Ver- 
lustes werden gemeinsam mit einer Normalkoordinatenanalyse der Schwingungen im 
festen Zustand, mit Berechnungen nach der Léchertheorie und mit einer statistischen 
Behandlung der gehinderten Rotation zur Beschreibung des Schwingungsspektrums, des 
Lochgleichgewichtes, des Gauche-trans-Gleichgewichtes und des ‘‘Wachstums’’ von 
Defekten nach dem Vorschmelz-Typ in Polyiithylen in Substanz herangezogen. 
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Some Contributions to the Study of Vinyl 


Polymerization in the Crystalline State* 


H. MORAWETZ, Department of Chemistry, Polytechnic Institute of Brooklyn, 
Brooklyn, New Y ork 


I. INTRODUCTION 


About ten years ago it was found by Mesrobian and his collaborators! 
and by Schulz et al.? that crystalline acrylamide polymerizes rapidly under 
the influence of ionizing radiation. This finding opened immediately the 
question whether we are dealing here. truly with a solid state reaction. 
It was recognized that the addition of a vinyl monomer to a growing 
polymer chain is a strongly exothermic process and that it is conceivable 
that the energy liberated in this process might disorient several neighboring 
monomer molecules.* If this is the case, the chains would be growing 
essentially in a disordered phase and the polymerization of solid monomers 
should exhibit similar characteristics as those of liquid phase polymeriza- 
tions. On the other hand, if the reaction does take place in the crystalline 
phase one would expect it to be highly sensitive to the geometry of the 
crystal lattice, which might determine the reactivity of the crystals, the 
direction of chain growth and possibly the nature of the product obtained. 

It is not surprising that the proposal of a chain reaction proceeding 
within the lattice of the monomer crystal has met with a great deal of scepti- 
cism. Not only are the molecules fixed in the lattice positions greatly 
restricted in their motion, but the van der Waals distances separating 
the vinyl groups of the monomers would have to be shortened considerably 
when these groups combine to form the backbone of the polymer chain and 
it is hard to see how this can be accomplished without the total destruction 
of the order of the monomer crystal lattice. On the other hand, the recent 
demonstration by Okamura, Hayashi, and their collaborators‘ that 
trioxane and other cyclic monomers polymerize under irradiation only in 
the solid state and that the polyoxymethylene chains obtained from a single 
crystal of trioxane are oriented in a crystallographic direction of the 
monomer has lefi uo doubt that polymerizations can, in principle, be 
controlled by the geometry of the monomer lattice. It is true that such 
“topochemical control” is particularly easily envisaged in the polymeriza- 
tion of a monomer such as trioxane in which the bonds formed are similar 

* Financial assistance of this work by the U. 8. Atomie Energy Commission is grate- 
fully acknowledged. 
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to those which are broken, so that the reaction proceeds with little change 
of enthalpy or volume. However, evidence to be summarized in this paper 
suggests that lattice control is also possible and is often of crucial impor- 
tance in the solid state polymerizations of vinyl monomers. 

In the following I shall concentrate on three areas. First I shall sum- 
marize our work on acrylamide and salts of acrylic or methacrylic acid and 
some recent work on spontaneous solid state polymerizations. Secondly 
I shall try to review reports scattered through the literature dealing with 
solid state organic reactions other than polymerizations. Finally, I 
should like to discuss some of the open questions concerning the mechanism 
of solid state vinyl polymerizations. 


Il. EXPERIMENTAL RESULTS IN SOLID STATE VINYL 
POLYMERIZATION 


: 1. Acrylamide 


In our studies of the solid state polymerization of acrylamide® the 
monomer was irradiated with y-rays from a Co™ source at —80° and the 
post-polymerization was studied in the temperature range of 0—60°C. 
This procedure has the advantage that the initiating centers are introduced 
into the crystal under conditions under which no polymerization takes place, 
so that chain propagation may be followed in isolation of the initiation 
step. Also, all complications which might result from radiation damage 
of the polymer formed are avoided in this procedure. 

The dependence of Y, the fraction of monomer polymerized on time t 
was generally of the form 


Y = A log (1 + Bo) (1) 


where the constant A depends only on the radiation dose, while B depends 
both on the dose and the polymerization temperature. Typical kinetic 
plots are given in Figure 1. It should be noted that the polymerization 
rate decays rapidly at quite small monomer conversions, but that the post- 
polymerization could be followed for periods as long as 6 months without 
any indication that the reaction comes to a complete stop. The molecular 
weight data plotted in Figure 2 show that the chain length attained is 
independent of the radiation dose, showing that the chains grow independ- 
ently of each other. This proves that the decay in the polymerization rate 
cannot be due to a chain termination step involving two active chain ends 
or to the trapping of an active chain in the accumulated polymer. It 
was also found that the intensity of the electron spin resonance absorption 
does not decay appreciably during the polymerization and that the con- 
centration of radicals calculated from the esr absorption (of the order of 
10-4 moles/liter) agrees with the number of polymer chains obtained 
from the polymer yield and molecular weight. 

In studying polymerizations in the liquid state, important information 
may be obtained from the effect of monomer dilution, the change in the 
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Fig. 1. Time and temperature dependence in solid-state polymerization of acrylamide. 
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Fig. 2. ‘Time dependence of molecular weight in solid-state polymerization of acrylamide. 
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Fig. 3. Time dependence of polymer formation in acrylamide-propionamide solid 
solutions. 
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Fig. 4. Time dependence of molecular weight for acrylamide-propionamide solid solu- 


tions at 25°C. 


reaction medium, copolymerization, and the effect of chain transfer agents 
or inhibitors. In solid state polymerization all these approaches are in 
general unavailable, since the lattice of monomer crystals will only rarely 
accommodate molecules of another substance. We considered it particu- 
larly fortunate that acrylamide is isomorphous with its saturated analog 
propionamide and that solid solutions containing these two substances in 
We hoped that polymerization 





any proportion can easily be prepared.® 
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studies with such solid solutions would indicate whether the growing chain 
is restricted to attacking a monomer in a single lattice site or whether it 
can attack monomer molecules in several lattice sites. In the first case 
the presence of a relatively small concentration of propionamide would 
affect profoundly the characteristics of the polymerization, while in the 
second case (when polyacrylamide chains can “grow around” the sites 
occupied by propionamide molecules) dilution effects would be similar 
to those observed in liquid state polymerizations. The results plotted in 
Figure 3 show that the introduction of propionamide into solid acrylamide 
has very little effect on the polymerization rate—in fact a solid solution 
containing 10% propionamide reacts as fast as pure acrylamide. On the 
other hand, propionamide, even in small concentrations, reduced sharply 
the chain length of the polymer which tends to approach a limiting value 
for long polymerization times. This behavior (see Fig. 4) suggests sur- 
prisingly efficient chain transfer in the solid solution—in fact, it has been 
estimated that the chain transfer coefficient of propionamide is at least 
a hundred times as high in the solid state than it would be in liquid state 
polymerization. This result suggests that the growing chain radical 
encountering a propionamide molecule in its path has considerable dif- 
ficulty in “growing around it” implying some measure of directive influence 
by the crystal lattice. 

We have also confirmed the observation reported by Adler and Reams’ 
who found that the x-ray diffraction pattern of partially polymerized 
acrylamide consists of a superposition of the diffraction pattern of residual 
monomer and diffuse rings characteristic of the polymer. The fact that 
the monomer spots are not altered in location and remain fairly sharp even 
in the presence of 20% polymer indicates that the polymer chains cannot 
run at random through the sample but must be concentrated in discrete 
regions leaving fairly large crystallites of undistorted monomer. 


2. Salts of Acrylic and Methacrylic Acid 


The study of the solid state polymerization of salts of monomeric acids 
offers two important advantages. T'irst, these substances are character- 
ized by very high melting points (e.g., none of the alkali acrylates melt on 
heating to 300°C.) and high lattice energies, so that the energy liberated 
during the addition of a monomer unit to the growing chain is now clearly 
insufficient to knock even a single monomer unit out of its lattice position. 
Secondly, it is possible by comparing different salts of the same poly- 
merizable acid, to study systems containing the same polymerizable 
species (e.g., acrylate ion) in crystals of varying lattice geometry. 

Table I shows results obtained with the alkali acrylates.’ It can be 
seen that potassium acrylate is vastly more reactive than the sodium or the 
lithium salt; in fact, potassium acrylate reacts faster at 0°C. than the 
Nator Lit salt at 130°C. It may be noted that with the methacrylates the 
Nat is more reactive than the K+ salt and the Lit salt is completely 
inert. The differences in the reactivity are therefore obviously not related 
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TABLE I 


Polymerization of Alkali Acrylates and Methacrylates Irradiated with 0.2 Megarads 








Acrylates 


Time to 10% conversion, 








Cation Temp., °C. sec. (DP)w 
K* 0 520, 000 3600 
25 14,000 2400 
35 9,800 1500 
60 3,500 1100 
101 1500 
Nat 120 3,000 ,000 140 
130 2 ,000 , 000 190 
155 250 
Li 101 500 
132 500 , 000 250 
155 30 ,000 270 





Methacrylates 











Cation Temp., °C. Conversion in 2.5 X 10° secs. 
K+ 153 3.8% 
Nat 153 7.8% 
Lit 153 0.0% 





to the nature of the cations and it seems safe to conclude that they reflect 
differences in crystal geometry. The molecular weights of the alkali 
polyacrylate varied little with conversion and the chain lengths obtained 
from potassium acrylate were higher by an order of magnitude than those 
obtained from the sodium and lithium salts. The form of the kinetic 
curves was similar to that discussed above for acrylamide. Evidence 
from x-ray diffraction indicated also that partially polymerized samples 
consisted of discrete regions containing amorphous polymer and regions 


TABLE II 
Polymerizability of Various Modifications of Calcium Acrylate Exposed to 800,000 
rads at —78°C. 





Time, 

Modification Temp., °C. sec. X 1075 % polymer 
Dihydrate, crystalline 50 13.6 18.0 
Monohydrate, crystalline 50 10.0 0.0 
Anhydrous, crystalline* 101 10.2 6.3 
Anhydrous, crystalline” 101 6.1 46.0 
Anhydrous, amorphous*® 50 13.6 50.0 

35 e 101 13.6 67.0 
- 7 d 50 12.7 4.7 


® Monohydrate dehydrated at 100°C. in closed system. 
» Dihydrate dehydrated at 100°C. in closed system. 
¢ Dihydrate dehydrated at room temperature. 
“ Monohydrate dehydrated at room temperature. 
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containing unchanged monomer crystallites. It is worth noting that 
potassium acrylate, in spite of its high melting point and high lattice 
energy, proved to be, after irradiation, the most reactive vinyl monomer 
known to date. Also, the activation energy for chain propagation in the 
solid state is only 16 keal./mole for potassium acrylate as against 25 keal./ 
mole for the relatively low melting (84°C.) acrylamide. 

More recently, Dr. J. Lando has investigated in our laboratory a number 
of forms of calcium acrylate. His results, tabulated in Table II, show a 
number of striking features: (a) While the anhydrous crystals and the 
dihydrate could be polymerized, calcium acrylate monohydrate proved 
completely inert. (6) The anhydrous salt could be prepared in two crystal- 
lographically distinct modifications which differed widely in their poly- 
merization rate. (c) If the monohydrate and the dihydrate were dehydrated 
at low temperature, amorphous products were obtained. Nevertheless, 
the amorphous anhydrous calcium acrylate derived from the dihydrate was 
considerably more reactive than the seemingly identical material derived 
from the monohydrate. It appears that the amorphous product retains 
some of the structural features of the substance from which it originated, an 
effect which has been noted with inorganic reactions® but which has ap- 
parently not been observed previously with organic reagents. 

An interesting problem concerns the extent to which the polymerization 
of vinyl or vinylidene derivatives in the solid state affects the stereoregular- 
ity of the chain. Unfortunately, a quantitative characterization of the 
tacticity is possible only in a few cases, notably that of poly(methyl 
methacrylate) to which the NMR analysis of Bovey and Tiers’ may be 
applied. It has been shown by Morawetz and Rubin'! that the tacticity 
of poly (methyl methacrylate) obtained on methylation of poly (methacrylic 
acid) depends strikingly on whether the methacrylic acid was polymerized 
in the solid or the liquid state. The data tabulated in Table IIT show that 


TABLE III 


Microstructure of Poly(methacrylic Acid) Prepared from Solid and Liquid 








Monomers 
% of triads 
Hetero- Syndio- 
Polymerization conditions Tsotactic tactic tactic 
Liquid methacrylic acid, undiluted 11 32 57 
60°C. 
Methacrylic acid, methanol soln. 13 34 53 
60°C, 
Methacrylic acid, solid, 0°C., exp. No. 1 24 39 36 
0°C., exp. No. 2 18 48 35 
Barium methacrylate dihydrate, 37 48 15 
50°C., conv. 94%" 
Barium methacrylate dihydrate, 49 41 10 


101°C., conv. 63.7%" 


*Unpublished results of J. B. Lando. 
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the products of solid state polymerization of either methacrylic acid or 
barium methacrylate dihydrate are markedly less syndiotactic than poly- 
(methacrylic acid) prepared in the liquid state. 


3. Spontaneous Polymerization of Vinyl Monomers 


Many years ago it was stated in a brief report’? that p,p’ divinylbi- 
phenyl polymerizes spontaneously in the crystalline state. A similar 
behavior was later noted for butadiene-1l-carboxylic acid'! which melts at 
75°C. but is largely converted to polymer when kept for a few days at 





Figs. 5 (left) and 6 (right). Electron micrographs of carbon replicas of the surface of 
p-benzamidostyrene crystals in the initial stages of polymerization. 


52°C. More recently, it was noted by Hahn and Fischer" that p-acetam- 
idostyrene (m.p. 146°C.) polymerizes spontaneously in the solid state* 
and this phenomenon is currently under detailed study by Mr.8. Jakabhazy 
in our laboratory. He has found that the reaction may be observed at 
temperatures as low as 95°C. The orthorhombic crystals of the monomer 
form thin platelets with the long dimension of the molecules perpendicular 
to the large faces of the crystal and the progress of the polymerization may 
be followed conveniently by observing the specimen at the polymerization 
temperature under a polarizing microscope. No breakup of the crystal is 
observed and it appears that the polymer forms in successive layers parallel 
to the large face of the crystal. With p-benzamidostyrene (m.p. 178°C.) 
the polymerization takes place at a convenient rate at 125°C. and in this 
case it is possible to observe on the same specimen changes in infrared 
dichroism, the disappearance fo the IR absorption band due to vinyl 
groups and the change in birefringence. Electron micrographs of carbon 
replicas of the surface of p-benzamidostyrene crystals in the initial stages 
of the polymerization (ligs. 5 and 6) show that nuclei are formed in rows 


* T am indebted to Dr. H. Ringsdorf for drawing my attention to this report. 
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corresponding presumably to a crystallographic’ direction. The ripples 
in the surface seen on Iigure 6 suggest a polymer film under stress.* 

It is interesting that there appears to be no correlation between the suscep- 
tibility of a crystalline monomer to polymerization induced thermally and 
polymerization induced by exposure to ionizing radiation. For instance, 
acrylamide which polymerizes fairly easily after exposure to gamma 
radiation at a temperature 60° below its melting point, polymerizes only 
very slowly and to low polymer yields when the unirradiated crystals are 
kept a few degrees below the melting point. Conversely, p-acetamidosty- 
rene and p-benzamidostyrene which polymerize by thermal initiation 60° 
below their melting points, have their thermal rate merely doubled by ex- 
posure to 1 megarad of gamma rays. These observations may be inter- 
preted as follows: In acrylamide thermal initiation is very difficult, but the 
crystal lattice is favorable to chain propagation. Polymerization will, 
therefore, be extensive provided active initiating species are intro- 
duced by ionizing radiation. In the acylamidostyrenes the initiation 
step is apparently so easy that the effect of ionizing radiation does not 
increase substantially the concentration of initiating species. This may 
be due in part to the well-known tendency of aromatic systems to dissipate 
thermally the energy absorbed from ionizing radiation. 


Ili. SOLID STATE ORGANIC REACTIONS OTHER THAN 
POLYMERIZATION 


While solid state inorganic reactions have been a subject of systematic 
study for a number of years, the study of solid state organic reactions has 
not been recognized so far as a legitimate field of investigation. Yet, a 
number of scattered reports in the literature seems to indicate that the 
phenomenon of reactivity may be fairly widespread among organic crystals. 
Below, we shall describe a few examples to demonstrate some points 
deserving special attention. 

The most detailed investigation appears to have been carried out on the 
radiation induced decomposition of choline chloride!*~'® 


[(CH3)3NCH.CH.OH] tCl~ — [(CH3)sNH] *Cl~ + CH;CHO (2) 


The very high G-values observed in this reaction (up to 55,000) are clearly 
indicative of a chain reaction. Just as with radiation induced solid state 
polymerizations, it is possible to introduce the initiating species by irradia- 
tion at low temperature and observe subsequently the progress of the 
chain reaction outside the radiation source at higher temperatures. It 
is characteristic that other salts of choline (e.g., the iodide or nitrate) 
show little radiation sensitivity and that various slight modifications of 
the choline moiety (e.g., the substitution of an ethyl for one of the methyl 
groups bound to the nitrogen) eliminates the chain reaction. Choline 


* We are indebted to Dr. Fraser Price of the General Electric Co. for the electron 


micrographs. 
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chloride is also not especially radiation sensitive when in solution. The 
most dramatic phenomenon is the disappearance of the radiation sensitivity 
when the choline chloride crystals are heated to about 80°C." which can be 
associated with a phase transition at 73°C. from an orthorhombic to a 
face-centered cubic form.'® All this evidence may be taken as conclusive 
proof that the chain reaction depends on a favorable geometric disposition 
of the reagent molecules in the reactive crystal lattice. It is also highly 
significant that decomposition at 25°C. after irradiation at —80°C. seems 
to be limited to a maximum of about 17%—apparently because of the fact 
that the disruption of the crystal lattice of the choline chloride impedes 
the chain reaction. On the other hand, if the choline chloride crystals are 
irradiated at 25°C., the decomposition proceeds to completion, presum- 
ably due to the fact that the radiation damage to the crystal lattice is 
annealed out under these conditions. '® 

Another solid state reaction from which valuable information has been 
obtained’ is the isomerization of N-alkyl-N-vinylsulfonamides 


CH; CH; 
RSO.NC—CH, — RSO.CH—CNH (3) 
R’ R’ 


which has been shown to proceed also by a chain mechanism. Table IV 


TABLE IV 


Radiation-Induced Isomerization 


CH; CH; 


| 


RSO.NC=CH, — RSO.CH=CNH 


| 








R’ R’ 
R R’ Conditions G 
Crystallized, 50° 0 
c {N J ’ 
uw \- a Glass, 40-45° 18,000 
Cp) fa Crystallized, —75° 900 
Glass, —75° 0 


shows that, depending on the substituents R and R’, the reaction may 
proceed either in the crystalline state while the material is inert in the glassy 
state at the same temperature, or conversely, the glass may be highly 
reactive while the crystals are stable. This case illustrates in a striking 
manner the fact that the geometry of the crystal lattice may be a help or a 
hindrance for a given reaction. 

A very interesting solid state reaction has been inferred by Brown and 
Sujishi® who studied the ammonia adduct of trinaphthylborine (TNB). 
They found that the compound first formed isomerized to a substance with 
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a much lower decomposition pressure and they postulated the existence of 
two stereoisomeric forms for both the free TNB and the ammonia adduct: 


= ee 
. ke 


Symmetrical TNB Unsymmetrical ,TNB 


NH; { \+ NHs NH f | + NH 


ee — Ass 


The free TNB is supposed to be more stable in the unsymmetrical 
conformation, while the ammonia adduct has a lower free energy in the 
symmetrical form. A detailed study of this isomerization which involves 
only rotation around one C-B bond would be of great interest in clarifying 
problems of mobility in organic crystals. 

It is a particularly intriguing question whether the geometry of the 
crystal lattice may direct the path of a reaction so as to lead to different 
products than those which would be obtained in a disordered phase. 
Clear-cut evidence for such a possibility has been reported for the thermal 
reaction of tetraglycine methyl ester, which splits off methanol to yield 
polyglycine when heated in solution, while heating in the solid state leads 
to a migration of the methyl group to yield sarcosyltriglycine.?!:? This 
surprising result was interpreted by assuming that the ester end of tetra- 
glycine methyl ester lies in the crystal lattice close to the amine end of its 
nearest neighbor, so that the transfer of the methyl group involves actually 
little disturbance of the lattice structure: 


0 O O 0 
I H | | @H i 
..—CH,COCH, NCH.C—... + ...—CH:COO CH,NCH.C—... (5) 
H H 


It would be of very great interest to substantiate this interpretation 
by crystallographic evidence. 

In general it is desirable to prove as rigorously as possible that no liquid 
phase is present if we want to assume that a reaction involving solid reagents 
takes place truly in the solid state. Yet, it is in principle possible that a 
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solid reacts with a second reagent in a liquid phase in such a manner that 
the reaction is controlled by the geometry of the crystal lattice of the solid 
reagent. Such an effect seems to have been uncovered in a study of the 
reaction of potassium p-t-octyl phenoxide with benzyl bromide.** This 
reaction gives practically quantitative yields of the benzyl ether when 
carried out in homogeneous solution but in a heterogeneous system fairly 
large yields of 2-benzyl-4-t-octyl phenol were obtained. A similar case 
was reported recently in a study of the alkylation of the sodium salt of 
benzophenone oxime with benzyl bromide.** This reaction may proceed 


( p-c=nocu:X_ ) + Br 
\ A C=NO" t ( )-cHBr 


CH; be 
po se 

bie 

a (@) 


and in homogeneous media the ratio of O-alkylation to N-alkylation lies 
in the range of 2-5. However, in an acetone medium in which the oximate 
is highly insoluble, this ratio increases dramatically to 57 suggesting again 
an effect due to the crystal geometry of the solid reagent. These results 
are of special interest in view of the recent report by Okamura and his 
collaborators that crystals of trioxane may be polymerized in the solid 
state by contact with a polymerization initiator dissolved in a medium in 
which the monomer crystals are insoluble.” 


in two directions 


IV. THE SEARCH FOR A MECHANISTIC INTERPRETATION 
1. The Propagating Species 


In vinyl polymerizations carried out in a liquid phase a large number of 
criteria are available which can be used to differentiate sharply between 
free radical and ionic processes. It is our opinion that such differentiation 
is inherently much more uncertain when applied to processes carried out in 
the crystalline state. Various aspects of the problem may be summarized 
as follows: 

(a) The nature of the initiating process is often used to distinguish 
radical and ionic polymerizations. In the case of solid state processes 
chain initiators cannot be incorporated into the monomer lattice. The 
most convenient method for initiating solid state polymerizations, exposure 
to ionizing radiation, is known to initiate in the liquid state both free 
radical and ionic processes. Ultraviolet light initiates in the liquid state 
only free radical polymerizations and there is little reason to expect that a 
light quantum in this wavelength region could produce ions from organic 
materials. It is, therefore, important to note that ultraviolet light has 
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been shown to initiate the polymerization of solid methacrylic acid.” 
The technique is somewhat more difficult to use since ultraviolet light 
will be scattered excessively by a polycrystalline sample, so that a single 
crystal should be used. The crystal should be sufficiently thin so that 
exposure to the light is reasonably uniform throughout the specimen. 
Finally we may note that thermal initiation of chain processes is generally 
associated with free radical mechanisms. In those relatively rare cases 
where thermal initiation of a polymerization has been observed with a 
crystalline monomer, the same conclusion may undoubtedly be drawn. 

(b) Copolymerization which has been shown to be such a useful tool 
for characterizing the nature of the active chain end cannot be employed 
with solids, since a monomer lattice will not accommodate molecules of 
a comonomer. 

(c) Inhibition studies are useless for similar reasons, since such typical 
free radical inhibitors as DPPH cannot be expected to form solid solutions 
with monomers. ‘The solid state polymerization of most vinyl monomers 
is unaffected by atmospheric oxygen—but this may be due to the slowness 
with which oxygen diffuses through crystals. For instance, electron spin 
resonance studies have shown that radicals formed in the crystalline 
regions of polyethylene exposed to ionizing radiation react only very slowly 
(in thousands of hours) with atmospheric oxygen.” The only solid state 
polymerization of a vinyl monomer which we have observed to be strongly 
inhibited by oxygen is that of vinyl stearate and this may be related 
to the low cohesive forces to be expected in this material. 

(d) It has sometimes been assumed that a monomer which may be 
polymerized in the liquid state only, either by free radical or by ionic 
initiators, must polymerize by the same mechanism in the solid state. 
However, we have seen that the geometry of a crystal lattice may favor one 
reaction and render another one impossible and it cannot be considered 
certain that the polymerization mechanism will be unaffected by the order- 
ing of the monomer reagent. It has been observed that octadecyl vinyl 
ether” and vinyl stearate*:?* are polymerized by the action of ionizing 
radiation under similar conditions. Although the first monomer is poly- 
merized in the liquid state to high polymers by ionic catalysts, while liquid 
vinyl stearate is subject to polymerization by radical initiators, it seems 
highly unlikely that their solid state polymerization proceeds by different 
mechanisms. 

(e) Some authors have cited reaction kinetics as evidence for the nature 
of the propagating species in solid state polymerization. Such arguments 
appear highly uncertain. Even if the polymerization is a free radical 
process, we would not expect a rate dependence on the square root of 
irradiation intensity, since the steady state assumption made in an analysis 
of liquid phase polymerizations is usually not applicable with solid state 
processes. In addition, bimolecular radical-radical termination is sup- 
pressed by the low mobility of the chains. On the other hand, ionic 
polymerizations in the solid state would also be expected to follow a different 
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kinetic pattern than ionic polymerizations in a liquid phase, since the 
counter-ion could not be expected to move through the solid so as to main- 
tain the close proximity to the chain ion. A separation of the chain ion 
and its counter-ion would then remove the physical cause of the unimo- 
lecular chain terminations typical of liquid phase ionic polymerizations. 

Attempts to deduce the reaction mechanism from the temperature 
dependence of the solid state polymerization rate are even more question- 
able. They depend not only on the assumption of a steady state and 
similar chain termination processes in the solid and liquid states but also 
on the totally unwarranted assumption that the individual reaction steps 
have similar activation energies in polymerizations taking place in liquids 
and in the crystalline state. 

(f) The presence of an electron spin resonance signal in irradiated 
monomer crystals is not necessarily a proof of a radical-type polymeriza- 
tion mechanism. ‘This applies even to the case of acrylamide, where 
Fadner and Morawetz found that the number of radicals based on the 
intensity of the ESR spectrum corresponded closely to the number of 
polymer chains.* It must be remembered that the initiation step may 
result in the formation of an ion-radical, which may grow at either end. 
Thus a demonstration that each chain has a radical at one of its ends does 
not prove that this is the growing end. 


2. The Nature of the Kinetics 
In a post-polymerization process in which the active chain ends are 
subject to bimolecular decay, their concentration PR will be related to the 
initial value by 
—dR/dt = k,R?* 
R = Ry (1 + k Rot) (7) 


If the polymerization rate is proportional to R, the monomer concentra- 
tion M will be governed by 


—dM/dt = k,R (8) 
and the monomer conversion will be given by 
My — M = (k,/k,) In{1 + (k,R,t) | (9) 


This result has the same form as the kinetic curves observed in the solid- 
state post-polymerization of both acrylamide® aid alkali acrylates.’ Yet, 
the assumption that bimolecular chain termination is responsible for the 
decay of the reaction rate can be definitely ruled out since the molecular 
weights of the polymers obtained do not depend appreciably on the number 
of growing chains. On the other hand, a unimolecular chain termination 
mechanism would lead to very different kinetics than those which were in 
fact observed. 
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In previous publications from our laboratory we were at a loss to suggest 
a way out of this dilemma. However, we have now found that a number of 
processes involving the annealing of radiation damage in solids is character- 
ized by kinetic patterns strikingly similar to those we have observed in 
post-polymerization. For instance, in the recombination of recoil frag- 
ments in irradiated potassium permanganate, the decay of the radiation 
induced conductivity in germanium*! and the return of the density of 
irradiated vitreous silica to its equilibrium value*? the extent of the 
annealing process is linear, over a broad range of conditions, in the logarithm 
of time. This similarity suggests that the kinetics of the post-polymeriza- 
tion processes are merely an outward manifestation of the annealing of 
radiation damage in the monomer crystal. 

Another aspect of the kinetics of solid state polymerizations has been 
discussed by Semenov, who has tried to account for low reported activation 
energies and high frequency numbers by a mechanism in which a large 
number of preoriented monomers adds to the growing chain end in a single 
kinetic step.** However, it should be pointed out that almost all pub- 
lished data on solid state polymerization describe changes in monomer 
crystals during continuous irradiation. The overall activation energies 
obtained from such experiments are not easily interpretable, since they 
contain contributions from the activation energy of the chain initiation, 
propagation and termination steps. The only clearly defined activation 
energy obtained to date is that observed in the post-polymerization of 
acrylamide, when it could be clearly associated with the chain propagation 
step. The reported value of 25 kceal./mole® is very high compared with the 
values commonly found in the liquid state. Since the number of polymer 
chains can be obtained from polymer yield and molecular weights, the 
frequency number for the growth of the individual chain can also be ob- 
tained. This is found to have, at the beginning of the post-polymerization, 
values as high as 10”. However, anomalously high frequency numbers 
(much larger than those corresponding to vibrational frequencies of chemi- 
cal bonds) have also been frequently observed in other solid state processes 
such as phase transformations.**;® It is certain, at least for the case of 
acrylamide, that the high frequency number is not due to a mechanism 
such as suggested by Semenov, since molecular weight data show that at 
25°C. the rate of chain growth involves the addition of only 400 monomer 
units during the first hour of the reaction.® 

One complication which does not seem to have been considered is the 
possibility that “in-source’”’ and “post-irradiation” pelymerizations might 
involve different chain termination processes. During irradiation hydro- 
gen atoms undoubtedly constitute a large fraction of the fragments which 
are produced and they are by far the most mobile of such species. If the 
irradiation is carried out at low temperature under conditions where no 
significant chain growth takes place, these hydrogen atoms may attach 
themselves to double bonds to form the initiating radical or they may com- 
bine to form hydrogen gas which escapes. The post polymerization will 
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then take place in the absence of hydrogen atoms. However, if the poly- 
merization is carried out in the radiation source the chains grow in crystals 
in which a steady state hydrogen atom concentration is being maintained 
and the mobile hydrogen atoms may account for much of the chain termina- 
tion process. If this factor is important, the G-value for hydrogen gas 
production should be significantly lower for “in-source” than for “‘post- 
irradiation” polymerization. 


3. The Role of the Crystal Lattice 


The possibility of carrying out vinyl polymerizations in the crystalline 
state under conditions where the direction of chain growth is governed 
by the crystal lattice geometry has been established unambiguously by 
Brown and White.*.*” They studied the behavior of monomers enclosed 
in thc channels of urea and thiourea clathrates and found, for instance, that 
butadiene enclosed in such a complex could only form linear trans-1,4- 
polybutadiene. Admittedly, the clathrate complexes are a rather special 
case, since the molecules enclosed in the cavity of the urea or thiourea 
helix have apparently a high degree of mobility in the direction of the axis 
of the channel. 

There exists a great deal of circumstantial evidence pointing to the im- 
portance of geometric factors in solid state vinyl polymerizations. The 
strongest argument, perhaps, is the difference in the results obtained with 
different acrylic acid salts* or different modifications of calcium acrylate 
discussed earlier in this paper. Differences in stereoregulation which we 
have measured by NMR spectroscopy'! and which are also strongly 
suggested by the ease with which polymethacrylonitrile prepared in the 
solid state condenses to a polynuclear material* also point to some crystal 
lattice influence. Similar conclusions were reached from chain transfer 
when acrylamide polymerized in solid solution with propionamide.*® 

On the other hand there is the crystallographic evidence that in many 
cases partially polymerized monomer crystals contain an unchanged 
crystalline phase and an amorphous polymer.’ These data imply that the 
polymer chains grow typically at the interface of a crystalline and an amor- 
phous region. This conclusion was reinforced by microscopic observations*® 
on polymerizing acrylamide crystals and also by the study of this system 
under the electron microscope.“° To satisfy all this evidence we have 
suggested®* that the polymer chain may lie in an amorphous phase but 
have the active chain end anchored on the surface of the monomer crystal- 
lite so that the polymerization is controlled by the monomer lattice geometry. 
The chain would then peel off from this crystal surface in a mariner similar 
to that assumed for heterogeneously catalyzed polymerizations. In 
radiation induced polymerization the process starts at a dislocation pro- 
duced by the irradiation, while in thermally induced polymerization chain 
growth starts at some face of the crystal. 

The question remains whether it is possible to polymerize vinyl monomers 
to highly ordered products in a manner analogous to that which has been 
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demonstrated with cyclic monomers.‘ In this context, a recent report is 
of interest that N-vinyl pyridinium fluoroborate polymerizes under irradia- 
tion to a polymer which gives a distinct sharp x-ray diffraction pattern.*! 
Unfortunately, no experiments were reported in which a single monomer 
crystal was polymerized, so that we do not know if the orientation of the 
ordered polymer was related to that of the parent monomer. 

Another approach to this problem involves a study of the solid state 
polymerization of monomers with long side chains. In the case of vinyl! 
stearate the side chains lie parallel to each other and the reactive double 
bonds lie in planes separated from each other by a distance of 25.2 A. 
In this case a diffraction line due to the packing of the long paraffinic side 
chains is observed also in the polymer and one can, therefore, use crystal- 
lographic methods to decide whether the orientation of the side chains is 
preserved during the polymerization. Preliminary data seem to indicate 
that the side chains are not disordered during the polymerization and the 
monomer lattice must. therefore, exert a considerable measure of directing 
influence. 
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Synopsis 


Results obtained with radiation induced post-polymerizations of crystalline acrylamide 
and acrylic or methacrylic acid salts are reviewed. Some preliminary results with the 
spontaneous thermally initiated polymerization of crystalline p-acetamidostyrene and 
p-benzamidostyrene are presented. Observations of some organic reactions, other than 
polymerizations which also seem to proceed in the crystalline state are described. The 
results obtained with solid state polymerizations are discussed in terms of the nature 
of the propagating species, the interpretation of the kinetic pattern and the role of the 









monomer crystal lattice. 







Zusammenfassung 






Es wird ein Uberblick iiber die bei der strahlungsinduzierten Nachpolymerisation von 
kristallinem Acrylamid und kristallinem Acryloder Methacrylsiuresalzen erhaltenen 
Ergebnisse gegeben. Einige vorliufige Ergebnisse bei der spontanen, thermischen Poly- 
merisation von kristallinem p-Acetamidostyrol und p-Benzamidostyrol werden mitge- 
teilt. Beobachtungen iiber andere Reaktionen als Polymerisationen, die ebenfalls im 
kristallinen Zustand abzulaufen scheinen, werden beschrieben. Die bei der Polymerisa- 
tion in fester Phase erhaltenen Ergebnisse werden in bezug auf die Natur der wachsenden 
Kette, die Interpretation des kinetischen Schemas und die Rolle des Kristallgitters des 
Monomeren diskutiert. 
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Double Chain Polymers and Nonrandom 


Crosslinking 


JOHN F. BROWN, JR., General Electric Research Laboratory, 
Schenectady, New York 


Classical polymer theory divided all polymers into two groups: linear 
polymers, which were soluble and/or thermoplastic, and randomly cross- 
linked network polymers, which were gels. In recent years, however, 
there has been growing evidence that a third type of polymer may be far 
less inaccessible than was once thought. These polymers, which have 
molecular structures describable as nonrandomly crosslinked, or ordered 
networks, will form the subject for the present review. 

In this review we shall first rather briefly discuss the structural con- 
sequences of nonrandomness in network formation, and the general charac- 
teristics of synthetic procedures which give ordered rather than random 
structures. We shall then list some examples of network polymer systems 
for which reasonable evidence for structural nonrandomness exists, with 
particular emphasis on linear network forms such as the double chain 
polymers. Finally, the characteristics of one double chain polymer 
system, namely, the polyphenylsilsesquioxanes, will be discussed in detail. 


STRUCTURAL FORMS IN NETWORK POLYMERS 


A network polymer may be defined as an extended polycyclic structure of 
bridged, fused or spiro-linked rings. Network polymers can be obtained 
by polymerizing monomers having functionalities greater than two, 
i.e., monomers which can somehow or other become permanently attached 
to more than two other monomeric units. They can also be obtained by 
crosslinking linear polymers. The known network polymers include 
materials having many different molecular sizes, shapes, and structural 
forms. Some are ordered, others are disordered; some are soluble, others 
are insoluble; some are gels or microgels, others are crystalline lattices or 
sheets or linear multichain polymers:or sphere-like cages. Figure 1 shows 
some of these alternative structural forms diagrammatically. 

As is well known, the uncontrolled, nonstereoselective polymerization 
of a polyfunctional monomer normally produces an insoluble, irregular, 
randomly connected, three-dimensional network structure known as a gel. 
If the polymerization is run at high dilution, one may. obtain instead a 
microgel. These are soluble, irregular, randomly connected, highly 
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Fig. 1. Representative structural forms in ordered and disordered network polymers. 


polydisperse, low intrinsic viscosity polymers. On the other hand, struc- 
turally selective and stereoselective polymerizations of polyfunctional 
monomers will produce ordered network polymers. It can be shown that 
there are several dozen topologically distinct structural forms which 
regular network polymers (i.e., those in which all of the monomer units are 
structurally equivalent) may conceivably assume. These alternative 
structural arrangements may be divided into four categories according 
to whether the structural form possesses indefinite extension in zero, one, 
two or three dimensions. Thus, we have the four main types of ordered 
network polymers illustrated in Figure 1: finite, cage-like molecules; 
linear molecules of either the double chain or cylindrical types; two- 
dimensional sheet-like structures, and three-dimensional crystalline lattices. 

It is evident that the attaining of an ordered rather than a randomly 
crosslinked network is dependent upon the structural and stereochemical 
selectivity of the reaction used in its synthesis. The conditions for achiev- 
ing stereoselective network polymerization do not seem to be particularly 
exotic. They may be rationalized by noting that stereoselectivity in any 
chemical synthesis requires geometrical restrictions on the reaction system 
during the product-determining stage of the bond-forming process, and 
that geometrical restrictions become most stringent in rigid, sterically 
hindered, cyclic or (preferably) polycyclic systems. Thus, as one extreme, 
it is to be expected that the network polymerization of a flexible monomer 
of relatively low functionality under irreversible conditions, which implies a 
low cyclization density and little rigidity in the product-determining stage 
of the reaction, will be nonselective. All functional groups may be con- 
sidered as equally likely to combine with each other, a randomly connected 
gel should be produced, and the behavior of the polymerization system 
should be describable quantitatively in terms of the conventional nonlinear 
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polymerization theory first set forth by Flory! and subsequently elaborated 
by many others. At the opposite extreme, we must expect that the homo- 
polymerization of a rigid monomer of high functionality under reversible 
conditions, which implies a high cyclization density and much rigidity in’ 
the product-determining stage of the reaction, will be highly selective and 
will produce one of the types of ordered network polymers. 

There are many common materials which have ordered network structures. 
First of all, there is the huge group of substances in which multifunctional 
monomeric units of some sort are somehow bonded together into an ordered 
two- or three-dimensional lattice pattern known as a crystal. These, 
incidentally, are almost always formed under equilibrium-controlled or 
pseudo-equilibrium-controlled conditions. Next, there is a considerable 
group of soluble polymers in which the chains are crosslinked in an orderly 
way by hydrogen bonding. Examples of these include the polypeptides 
the polynucleotides, the starch complexes and so on. Again, this type of 
crosslink formation occurs under equilibrium-controlled conditions. Third, 
there are ordered network polymers which are crosslinked by both strong 
and weak bonds. These include one enormous group, the proteins, and 
probably a few synthetic resins and gels as well. Finally, and perhaps of 
greatest interest to the polymer chemist, there is a small group of soluble 
multichain linear network polymers which are held together entirely by 
strong covalent bonds. Before proceeding to these, however, we shall 
comment briefly upon the polymers which are crosslinked by hydrogen 
bonding. These polymers have been quite extensively studied, and their 
structures illustrate the same principles as those involved when covalent 
crosslinks are introduced under equilibrium-controlled conditions. 


HYDROGEN-BONDED NETWORK POLYMERS 


The most famous of the polymers crosslinked by hydrogen bonding 
is desoxyribonucleic acid, DNA, the biological polymer on which genetic 
information is stored. According to the generally accepted Watson- 
Crick structure,” this is a double chain polyester in which two poly(de- 
oxyribose phosphate) chains are held together by hydrogen bonds between 
the purine and pyrimidine bases which are attached to the desoxyribose 
units. The replication of this structure is the extremely selective poly- 
merization process upon which the reproduction of all biological organisms 
depends. In recent years, the double chain nature of the DNA structure 
and the various implications thereof have been so adequately publicized 
and reviewed that it is probably pointless to discuss them further at this 
time. 

Another well known type of crosslinking through hydrogen bonding is 
encountered in the polypeptides. Here, fairly strong hydrogen bonds 
between the secondary amide groups can be formed giving structures in 
which the monomer units are effectively tetrafunctional, each one being 
bonded to four other units. There seems to be little tendency for this 
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Fig. 2. General arrangement of polyglucosan chains and polyiodide molecules (shaded) in 
_8tarch-iodine complex. 


crosslinking to occur in a random fashion giving the hydrogen-bonded 
gels which classical nonlinear polymerization theory would predict. In- 
stead, a variety of ordered structures may be produced.* The 8-form is a 
2-dimensional sheet; the a-, z-, and y-forms are cylindrical rather than 
sheet-like. They are formed by intramolecular hydrogen bonding be- 
tween each third, fourth, or fifth unit of a polymer chain which has been 
coiled into the appropriate helix. 

In some forms of polyol polymers we also encounter cylindrical networks 
formed by hydrogen bonding between loops of a helical chain. Some of 
these illustrate a not uncommon property of network structures, namely 
inclusion compound formation. In the starch-iodine complex and its 
chemical relatives the amylose helix contains six glucosan units per turn, 
and presumably the bonding occurs between every fifth unit, as in the 
peptide y-helix. This gives a cylinder with a 5 angstrom hole down the 
middle. Rod-like molecules of this diameter, such as polyiodide ions, 
or fatty acids, or even n-butanol‘ can fit neatly into these holes and stabilize 
the structure (Fig. 2). Polyvinyl alcohol, especially when syndiotactic, 
appears to be capable of forming similar complexes with polyiodide ions, 
and possibly also with n-propanol.® Several other examples of network 
structure control through inclusion compound formation could also be 
cited,® and it is likely that inclusion compound formation may prove to be 
a fruitful technique for controlling the direction of network polymer 
formation. ; 

The proteins are ordered network polymers in which polypeptide chains 
are intramolecularly cross-tied in a highly specific fashion through a variety 
of weak bonds as well as through covalent disulfide crosslinks. It has 
recently been discovered that this crosslinking process occurs in a highly 
specific fashion, even in the absence of any sort of polymerization template. 
When the protein ribonuclease is reduced, the disulfide crosslinks are 
broken and one obtains what seems to be an ordinary, randomly coiled, 
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linear polymer. However, oxidative crosslinking of this linear poly- 
peptide has been found to reconnect all eight mercaptan units in the same 
way that they were originally, and also to regenerate the entire three- 
dimensional network structure of the original protein.’ This is a remark- 
able example of nonrandomness in a crosslinking process, particularly in 
view of the fact that this spontaneously nonrandom crosslinking is prob- 
ably a general feature of all protein synthesis rather than simply an in- 
dividual peculiarity of ribonuclease. 


ORGANIC DOUBLE CHAIN POLYMERS 


There are just a few hints that we may see some analogous phenomena 
in synthetic polymers. Recently, Overberger and his coworkers prepared 
polyvinyl mercaptan and studied its oxidation by an indephenol dye.® 
The polymer was found to oxidize ten times as fast as the model compound, 
2,4-pentanedithiol, and the polyvinyldisulfide produced was soluble 
rather than gelled. 

It is well known that polyacrylonitrile and polymethacrylonitrile can 
be cyclized by heating or by treatment with base. The products obtained 
are believed to be double chain polyimines as shown in Figure 3. Un- 
fortunately, there seems to be very little information as to how orderly 
these structures are, or how long are the polyimine sequences, or what 
can be done to make them more regular. These polycyclic polyimines 
have, of course, a close inorganic relative in paracyanogen.’° This is be- 
lieved to be a linear polymer formed from two polyimine chains linked at 
the carbons (Fig. 3). 

Another approach to the synthesis of organic double chain polymers is 
provided by the Diels-Alder reaction. It has been found by Bailey" 
that the adduct of 2-vinylbutadiene and p-benzoquinone is capable of 
undergoing further Diels-Alder addition to itself to form an extended 
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Fig. 3. Polycyclic polyimines. Upper figure represents presumed major pathway for 
cyclization of polyacrylonitrile (R = H) or polymethacrylonitrile (R = CH;). Lower 
figure represents polymerization of cyanogen to paracyanogen. 
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system of fused six-membered rings which may be regarded as a double 
chain polymer. Further extensions of this technique are currently being 
studied by Bailey and his coworkers. 


INORGANIC DOUBLE CHAIN POLYMERS 


Among the inorganic oxides, sulfides, and silicates there are several 
double chain polymers which are known only in the crystalline state 
(Fig. 4). These include silicon disulfide, its extremely unstable oxygen 
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Fig. 4. Examples of some double chain polymers which are known only in the (crystal- 
line) solid state. 
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Fig. 5. Soluble linear coordination polymers formed from (hexa-functional) Al(III) or 
Cr(IIT) ions. 











analog, fibrous silica, and one form of antimony oxide. Somewhat better 
known are the doubie chain silicates such as the amphiboles and chrysotile 
asbestos. The latter material has long been known to possess the fiber- 
forming ability of a respectable linear polymer. 
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At least two soluble coordination polymers of significant molecular 
weight have been reported (Fig. 5). The first of these is the basic aluminum 
soap polymer which has been used extensively as a thickening agent in 
gasoline. Despite the fact that the aluminum ion is hexafunctional, 
the preferred mode of coordination appears to be that which gives linear 
network polymers rather than three-dimensional crystals or gels.!2 These 
soap polymers are hydrocarbon-soluble and have molecular weights in 
the millions. 

Very recently, somewhat similar but much more stable structures have 
been obtained by heating tris(acetylacetonato)chromium with diphenyl- 
phosphinie acid. Soluble polymers with molecular weights up to 11,000 
were obtained" and they appear to have the structure shown in Figure 5. 


SYNTHESIS OF SILSESQUIOXANE NETWORKS 


The hydrolysis of monoalkylsilanes or the condensation of alkylsilane- 
triols produces trifunctional silicone polymers, sometimes known as silses- 
quioxanes. These materials represent the best known family of polymers 
derived from trifunctional monomer units. They were first obtained 
around 1870 by Friedel and Ladenburg during a prolonged series of at- 
tempts to prepare silicon analogs of the carboxylic acids. The early 
workers obtained only poorly defined resins and gels; however, in the 
past few years several silsesquioxane polymerizations have been reported 
to give high yields of single definite products. Tirst, the hydrolysis of ¢- 
butyltrichlorosilane with an exact equivalent of water has been reported to 
yield a tetramer having an adamantane-like structure; i.e., with silicon 
atoms lying at the apexes of a tetrahedron and oxygens lying along each 
edge.'* Second, the hydrolysis of silicochloroform at high dilution has 
been reported to yield a crystalline, two-dimensional, sheet-like polymer." 
Third, the reaction between phenyltriethoxysilane, water, and base in 
methyl isobutyl ketone has been found to give a benzene-soluble pre- 
cipitate of moderately high molecular weight phenylsilsesquioxane."® 
This precipitate, upon long standing in benzene solution, rearranged al- 
most quantitatively to the crystalline octamer, which has a cubical cage 
structure. It was suggested that the soluble polymer was probably at 
least partially ordered and possessed a structural arrangement which was 
capable of facile rearrangement to the octamer.'® In recent years, the 
phenylsilsesquioxane polymerization system has received considerable 
additional study in this laboratory. Before describing the results, how- 
ever, we shall comment briefly upon the experimental techniques available 
for silsesquioxane network structure determination. 

Confronted with a specimen of soluble network polymer there are several 
things one can do with it. First, its composition can be determined via 
the usual elementary and functional group analyses. “Second, one can 
determine something about its overall size and form from solution properties 
such as viscosity, osmotic pressure, and light scattering. The crucial 
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problem, however, is the determination of the structural arrangement of 
the network. This problem was approached in the silsesquioxanes with 
four techniques. The first was x-ray diffraction. This, as usual, worked 
very well with simple crystals and orientable fibers but did not help much 
elsewhere. The second was ultraviolet spectroscopy. Double chain 
pheny! silicone polymers, like the double chain polynucleic acids, show 
ultraviolet hypochromism, and to the extent predicted by Tinoco’s induced 
dipole-dipole interaction theory.” Unfortunately, the hypochromic 
effect is not large and there are other effects of structure on the spectra as 
well. The third was the study of molecular models and calculation of 
bond angles. In rigid polycyclic systems this can be done in a very 
straightforward manner and gives unambiguous answers as to whether 
a proposed type of structure is reasonable or not. This is quite important, 
because many of the conceivable structural arrangements which look 
reasonable on paper as diagrammatic representations turn out to be 
prohibitively strained when the molecular geometry is examined in detail. 
Fourth, and perhaps most valuable, was infrared spectroscopy. Poly- 
siloxanes have several skeletal vibrational modes which are strongly 
infrared active, easily observed, easily analyzed, and very sensitive to 
structural variations in the polysiloxane skeleton. The most useful 
of these are the bands in the 1000-1200 em.~! region resulting from SiOSi 
asymmetrical stretching vibrations. It has long been known that the 
spectra of the various types of simple linear and cyclic siloxanes differ 
strikingly from one another in this region,'* and even more striking dif- 
ferences were found among the fused-ring polycyclic structures which we 
encountered among the silsesquioxane polymers. At first, these differ- 
ences were used merely as empirical physical constants to characterize 
structure. Later, after a reference library of known polysiloxane spectra 
had been accumulated, it was found possible to do simple vibrational 
calculations which related spectra to structure quantitatively. 

Application of these techniques indicated that the phenylsilsesquioxane 
polymers prepared by different techniques differed strikingly in molecular 
size, polydispersity, and skeletal structures. Eight representative types 
of these phenyl silicone polymers are listed in Table I. The simplest are 
the polymers prepared by condensation with aqueous acids. These are 
incompletely condensed and very low in molecular size until heated, at 
which point they go over to somewhat irregular gels (No. 2 on Table I). 
The polymers prepared by base-catalyzed condensation are more com- 
pletely condensed and larger*in size. Those obtained by Sprung and 
Guenther’s technique of very slow precipitation from a ketone solvent 
(No. 4 on Table I) are further notable in that their siloxane skeletons are 
spectroscopically indistinguishable from those of the high molecular weight 
ladder polymers. The polymers prepared by base-catalyzed equilibration 
at temperatures above 100° are completely condensed, that is, each mono- 
mer unit is joined to three others in the structure, but they cover an enor- 
mous range of molecular sizes. Equilibration in very dilute solutions gives 
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TABLE I 
Polymers of the PhSi(OH); — (PhSiO;,2), Series 


No. Preparative procedure P,, P/F IR type 
Acidic condensation: 
I PhSiCl; hydrolysate 1-12 I’ + II’ 
2 Heated hydrolysate (T-gel) - III 
Alkaline condensation: 
3 Ppt. from H:0O soln. ~24 I + II’ 
4 Ppt. from ketone soln. 100-300 1.5 I + II’ 
Equilibration at: 
5 <5% cone. (cage epds. ) 8-12 l I 
6 5-70% cone. (prepolymer) 24-100 1.6 I + II 
7 85-95% cone. (ladder polymer) 100—> 108 2-20 Il 
8 ~100% cone. (ladder gel) 10?—> 108 II 





* IR spectra show SiOSi asymmetrical stretching bands as follows: I, single band near 
1125 em.~'; II, well resolved pair near 1045 and 1155 em.~!; III, very broad, flat-topped 
band; I’, II’, single or double peak spectrum slightly shifted from I or II; I + II indi- 
cates spectrum can be described quantitatively as sum of type I and type II spectra. 
mostly compounds with cage-like structures. At all moderate concentra- 
tions the major product is a low molecular weight linear material we call 
prepolymer. Equilibration at higher polymer concentrations, say 85-95% 
at 250°, gives a very high molecular weight soluble polymer which we call 
ladder polymer because of its double chain structure.2° Unfractionated 
samples of ladder polymer having intrinsic viscosities up to 6 dl./g. and 
weight average molecular weights approaching ten million have been 
obtained. Equilibration of solvent-free polymer usually, though not 
always, gives a gel. All of these materials (No. 5-8, Table I) can be inter- 
converted by simply changing the concentration at which they are 
equilibrated. 

We shall pass over the acid condensation products of phenylsilanetriol 
rather briefly: first, because they appear to be quite similar structurally 
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Fig. 6. Typical acid condensation products of trifunctional silicone monomers such as 
RSi(OH); or RSi(OR’);. 
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to the alkyltrialkoxysilane condensation products which were studied by 
Sprung and Guenther several years ago;'*'* and second, because all of 
these substances are formed via rate-controlled reactions, and the product 
distributions are very sensitive to variations in the reaction conditions. 
The basic building block in these structures appears to be the eight- 
membered or cyclotetrasiloxane ring, which will be indicated in our drawings 
as a square. The compounds which have been isolated mostly contain 
one or more of these rings fused together in either linear or cage-like 
arrangements. Representative examples of structures which have been 
isolated and characterized to date are shown in ligure 6. 


THE DOUBLE RING-DOUBLE CHAIN EQUILIBRIUM 


As indicated above, equilibration of phenyl] silicone in dilute solution 
gives compounds with cage-like structures. We have isolated an octamer, 
a decamer, and a dodecamer (phenyl-7’s, To, and 7’ in the silicone nomen- 
clature) as pure crystalline compounds and also obtained a little non- 
crystalline material which may contain an isomer of the dodecamer. 
The three main products were found to have prism-like structures as shown 
in Figure 7, and hence could be regarded as the double chain cyclic analogs 
of the double chain linear polymer. (Incidentally, it was found possible 
to prepare several of the individual species involved in the equilibrium of 
Figure 7 ‘separately by judicious selection of solvent and equilibration i 
conditions. Thus, by equilibrating for a long period of time in hot toluene, 


in which the 7’; is pretty insoluble, it could be obtained in nearly quantita- : 
tive yield. Similarly, by equilibration in tetrahydrofuran, which forms a 
very insoluble inclusion compound with 7’, it was possible to precipitate 
that species out in high yield. Lastly, upon equilibration in acetone or ; 
methyl isobutyl ketone at room temperature, it was the linear polymer t 
indicated as No. 4 on Table I which precipitated. The relative stabilities : 
of the cage-like compounds in solution, incidentally, were 7’) > 7T'. > iso- i 
T 12> Ts. | : 


The low molecular weight polymer which we called ladder prepolymer 
turned out to present some structural surprises. The fractionation and 
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Fig. 7. The double ring-double chain equilibrium observed in polysilsesquioxanes. 
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Fig. 8. The structure of phenylsilsesquioxane ‘‘prepolymer.”’ 


viscosity behavior of this material indicated that it consisted of an ap- 
proximately normal distribution of short linear polymer molecules. How- 
ever, there were no uncondensed silanol groups present even in the lowest 
fractions. Instead, the spectra showed that the chains must be terminated 
by some arrangement which was similar to a 7) or 7). cage molecule. 
It was concluded that certain arrangements of the trifunctional monomer 
units could act as endgroups on the double chain structure as indicated in 
Figure 8. We have referred to these arrangements as monofunctional 
assemblies, or Ma units. The repeating segments of the chain, each of 
which is attached to two other structural assemblies, we call Da units, or 
difunctional assemblies. Thus, ovr family of polymers represents a 
homologous series of Ma(Da),Ma structures. It is evident that if one 
knows the equilibrium constant which describes the relative stabilities of 
the Ma and Da structures then one can immediately describe the entire 
molecular weight distribution in the system. This can be done in pre- 
cisely the same way as one describes distribution in a simple linear polymer 
system from knowledge of the relative proportions of chain units and chain 
ends. Several of these equilibrium constants describing molecular weight 
distributions in phenyl silicone systems are listed in Table II. As may 


TABLE II 


Polyphenylsilsesquioxane Equilibrium Constants* 


Ke K 3 


LKo [Da] [Ta] 
Equilibration system: (Cage epds) [Mal]? {Ma} 
Polymer cone. in solvent mole/kg. kg./mole kg./mole? 
35-55% in toluene, 110° 0.020 250 <0.1 
5-50°% in diglyme, 160° 0.025 90 <0.1 
50-70% in benzene, 267° 38 
~95% in benzene, 250° (13,700) (1300) 


* Showing relative proportion of phenylsilsesquioxane structural units: monofunce- 
tional (chain end) assemblies, [7a]; difunctional (chain segment) assemblies of monomer 
units, [Da]; and trifunectional (ladder branching) assemblies, [7'a], at equilibrium. 

b A different mass action law is followed in this concentration range. The numbers 
given represent the apparent values of the constants calculated simply from the relative 
proportions of the structural assemblies present. 
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Fig. 9. The structure of phenyl-7 ladder polymer (cis-syndiotactie double chain poly- 
phenylsilsesquioxane). 


be seen, increasing the equilibration temperature increases the proportion 
of cage compounds slightly and decreases the stability of the linear double 
chain arrangement relative to the chain ends. The zero values for the 
equilibrium concentrations of trifunctional assemblies indicate that there 
is no detectable chain branching in the prepolymer. 

Somewhere above 80% polymer concentration at 250° the system 
changes from a liquid to a solid and can no longer be characterized by the 
same set of equilibrium constants. What happens then is that the cage-like 
double ring cyclics and chain end structures drop markedly in concentra- 
tion and a few branch points appear—typically about one for each two 
thousand monomer units. The resulting material is the very high molec- 
ular weight soluble polymer indicated as No. 7 on Table I. We have 
assigned to this polymer the cis-syndiotactic double chain structure” 
shown in Figure 9 on the basis of five pieces of evidence. First, the solution 
properties show that the material is a substantially linear high polymer. 
Second, the x-ray diffraction patterns given by oriented strips show that 
the repeating distance is two chain units and that there are probably four 
monomer units per repeating segment. Third, the infrared spectrum 
also indicates a linear structure with a two-unit repeating distance. Fourth, 
the observed ultraviolet hypochromism of 9% agrees with that calculated 
for this relative spacing of phenyl groups. Lastly, the bond angle calcula- 
tions show that the cis-syndiotactic double chain arrangement represents 
the only possible regular high polymer of phenylsilsesquioxane units which 
does not involve angular strain. In other words, when phenylsilsesqui- 
oxane is polymerized the ordered linear network we call ladder polymer is 
obtained because it represents the only strainless way in which the phenyl- 
silsesquioxane monomer units can join up together. 


PROPERTIES OF DOUBLE CHAIN 
POLYPHENYLSILSESQUIOXANE 


At the present time, phenyl silicone ladder polymer and its close chemical 
relatives represent the only known examples of soluble, covalently-bonded, 
high molecular weight, double chain polymers, and hence their properties 
are of some interest. Phenyl silicone high polymer is an infusible material, 
but it ean be dissolved in solvents such as benzene or chloroform and cast 
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into clear, colorless films. These films can be oriented by stretching 
while swollen. The x-ray patterns show that the oriented polymer is 
laterally ordered rather than truly crystalline. 

One of the original reasons for technical interest in double chain polymers 
was the expectation that double chain polymers would have enhanced 
physical and chemical stability over their single chain analogs. The 
reasoning here was that a double chain molecule, unlike that of a single 
chain, cannot be severed simply by cleavage of a single chemical bond. 
On the whole, this expectation seems to have been realized in the case of 
the phenyl silicone ladder polymer. The material was found to be markedly 
more resistant to hydrolysis than ordinary silicones, and to heat-age almost 
as well in steam as inair. It has about twice the tensile strength of silicone 
resins having comparable compositions but lacking the ordered double 
chain structure. Tensile strengths were generally in the 4-6000 psi. range 
with elongations of 3-10°%, depending upon the degree of aging. Plasticiza- 
tion improved the flexibility and toughness. The electrical properties 
loss, breakdown strength, and corona resistance—were excellent, as ex- 
pected for a relatively rigid polymer lacking in polar or chemically reactive 
groups. The thermal stability was very high. The polymer is, of course, 
prepared by equilibration in bulk at 250-300°C. and has little to gain 
thermodynamically by decomposing. When heated in air in a thermo- 
balance, weight loss doesn’t start until 525°C. The thermal stability may 
be strikingly demonstrated by draping strips of the polymer over a piece of 
resistance wire and then heating it red hot. The strips will stay clear and 
hang on for a minute or two at 650°. Needless to say, the practical 
operating temperatures for the material are considerably lower, probably 
around 300°, if it is desired to maintain useful mechanical properties for 
months rather than minutes. 


CONCLUSIONS 


The silsesquioxanes which we have just been discussing represent a 
large family of ordered polymers which were long assumed to be randomly 
connected networks. There is little reason to doubt that many other 
families of network polymers which have been arbitrarily assumed to be 
irregular will also turn out to be more or less ordered when their structures 
are studied. Our current knowledge of ordered network polymers seems 
to be somewhat like that in the linear polymer field thirty or forty years 
ago; few individual systems have been examined in detail and there is 
still much irrelevant theory to be disposed of. 

Earlier, we noted that the conditions for stereoselective bond formation 
are much more likely to be fulfilled during network forming processes than 
during linear polymerizations, and that stereoselective bond formation in 
a branching system will lead to one of the several alternative types of 
ordered network polymers. Next, we considered a number of examples of 
double chain polymers and other nonrandomly crosslinked networks. The 
examples cited, namely, hydrogen-bonded polymers, crystalline minerals, 
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proteins, nucleic acids, cyclized vinyl polymers, included many very com- 
mon materials. It is probably not stretching a point to argue that a 
human being is literally composed of ordered network polymers and sur- 
rounded by them on all sides almost all of the time. In view of the abun- 
dance of ordered network polymers among naturally occurring materials, 
the relative simplicity of the conditions required to produce them, and the 
current growth of efforts aimed at their synthesis, it seems reasonable to 
expect a considerable increase in our knowledge of double chain polymers 
and other nonrandomly crosslinked structures during the next few years. 
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Synopsis 


Recent developments indicate that double chain polymers and other nonrandomly 
crosslinked networks are not nearly as improbable as was once thought. The reason for 
this seems to be that the conditions for stereoregularity are more easily achieved in 
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network-forming reactions than in those occurring in acyclic structures. In this review, 
the structural consequences of stereoselectivity in a network-forming process are dis- 
cussed briefly, and then various examples of known types of ordered network polymers 
are listed, particularly those of the multichain, linear network types such as double chain 
polymers. The polymerization behavior of the phenylsilsesquioxane system is discussed 
in more detail. When phenyl silicones are equilibrated, the trifunctional monomer 
units may arrange themselves either in cage-like structures of 8-12 units or else in a 
linear arrangement which has been shown to have a cis-syndiotactic double chain struc- 
ture. Polymers having the latter structure may be obtained in a very high molecular 
weight, though still soluble, form. They can be fabricated into flexible sheets which 
show the enhanced mechanical strength and chemical stability expected for a double 


chain polymer. 
Résumé 


Des développements récents indiquent que les doubles chaines polymériques et 
autres réseaux non-statistiquement pontés ne sont pas aussi improbables qu’on le pensait 
précédemment. La raison de ceci semble étre que les conditions de stéréorégularité sont 
plus aisément réalisées dans des réactions qui forment des réseaux que dans celles se 
produisant dans des structures acycliques. Dans cet article on discute briévement les 
conséquences structurales de stéréosélectivité dans le processus de formation de réseaux 
et on signale divers exemples de types connus de polyméres 4 réseaux ordonnés, particu- 
ligrement ceux des chaines multiples de réseaux linéaires tels que les polyméres 4 doubles 
chaines. On discute en détail la polymérisation du systéme phénylsilsesquioxene. 
Lorsque les silicones phénylés sont équilibrées, les unités de monoméres trifonctionnels 
s’arrangent elles-méme soit dans une structure cage de 8 4 12 unités ou encore suivant 
un arrangement linéaire qui posséde une structure de double chaine c7s-syndiotactique. 
Les polyméres possédant la derni¢re de ces structures peuvent étre obtenus 4 trés haut 
poids moléculaire bien que toujours solubles. Les polyméres peuvent étre fabriqués en 
feuilles flexibles qui poss¢dent une force mécanique améliorée et la stabilité chimique 
attendue pour un polymére 4 double chaine. 


Zusammenfassung 


Neuere Untersuchungen zeigen, dass Doppelkettenpolymere und andere _nicht- 
statistisch vernetzte Strukturen nicht so unwahrscheinlich sind, wie man friiher gedacht 
hat. Der Grund dafiir scheint zu sein, dass die Bedingungen fiir Stereospezifitét eher 
bei Reaktionen gegeben sind, die zu Netzwerken fiihren, als bei solehen, die bei acyklis- 
chen Strukturen auftreten. In dem vorliegenden Uberblick werden die strukturellen 
Konsequenzen aus der Stereoselektivitiit bei einem netzwerkbildenden Prozess kurz 
diskutiert und dann eine Liste verschiedener Beispiele bekannter Typen von Polymeren 
mit geordneter Vernetzung, besonders solche vom vielkettigen, linearen Vernetzungstyp 
wie Doppelkettenpolymere, gegeben. Mehr im Detail wird das Polymerisationsver- 
halten des Phenylsilsesquioxansystems diskutiert. Bei Phenylsilikonen kénnen sich 
unter Gleichgewichtsbedingungen die trifunktionellen Monomereinheiten entweder zu 
kifigartigen Strukturen aus 8-12 Kinheiten oder aber zu einem linearen Gefiige mit 
nachgewiesener, cis-syndiotaktischer Doppelkettenstruktur anordnen. Polymere mit 
dieser Struktur kénnen in einer sehr hochmolekularen, aber immer noch léslichen Form 
erhalten werden. Sie kénnen auf biegsame Platten verarbeitet werden, welche die fiir 
ein Doppelkettenpolymeres zu erwartende erhéhte mechanische Festigkeit und chem- 
ische Stabilitét zeigen. 
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A Dynamic Mechanical Study of 
Rubber-Modified Polystyrenes 


S. G. TURLEY, Polymer and Chemicals Research Laboratory, The Dow 
Chemical Company, Midland, Michigan 


INTRODUCTION 


Some thermoplastics commercially available have limited applications in 
certain fields due to their deficiencies in one or more mechanical properties. 
The particular thermoplastic to be discussed in this paper is polystyrene 
which is known to be a brittle polymer. This lack of toughness limits the 
use of polystyrene to non-impact applications. Fortunately, however, 
there are a number of ways that this deficiency can, to some extent, be 
overcome, such as biaxial orientation, copolymerization, plasticization, in- 
creasing the molecular weight, narrowing the molecular weight distribu- 
tion, use of fillers, and the addition of a rubbery material. The last method 
is the particular one to be discussed in this paper. The experimental ap- 
proach used in this study was that of dynamic mechanical properties as 
determined by a torsion pendulum. 

A dynamic mechanical test is one which is based on the use of variable, 
usually sinusoidal, stresses and strains. Generally speaking, a single 
dynamic mechanical test provides both an energy storage term and an 
energy loss term. The storage term is expressed as a modulus of elasticity, 
and the loss term is expressed as a damping term for a torsion pendulum, 
conveniently as the logarithmic decrement. 

A modulus of elasticity is usually defined as the stress accompanying a 
unit recoverable deformation, or, for materials which obey Hooke’s Law, 
as the ratio of stress to strain. However, a modulus of elasticity can also 
be considered to be a measure of the potential energy stored in a material by 
a unit deformation. This definition is the one used to develop the concept 
of mechanical damping. Since no real material obeys Hooke’s Law exactly, 
part of the energy required to deform the material is not stored as recover- 
able potential energy but is dissipated in the form of heat due, among other 
factors, to internal friction. It is this loss of energy that is responsible for 
what is called mechanical damping. 


EXPERIMENTAL PROCEDURES 
(a) Apparatus 


The torsion pendulum used in this study was a commercial apparatus 
made by Askania-Werke in West Germany. A photograph of this ap- 
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Fig. 1. A photograph of the torsional damping apparatus. 


paratus is given in Figure 1. In addition to the pendulum itself, the heat 
source, recirculating pump, and temperature recorder are also shown. 

For simplicity, as well as brevity, the torsion pendulum will be described 
using the schematic diagram presented in Figure 2. The description is 
broken down into four parts covering the salient features of each of the 
four systems which make up the apparatus—oscillating system, timing 
system, recording system, and temperature measuring system. 

The basic element of the oscillating system is the pendulum itself, which 
consists of the torsion head (/) from which the specimen (2), serving as the 
torsion rod, is suspended, the inertia disk (3) which is fastened to the lower 
end of the specimen and the recording mirror (4) which is attached below 
the inertia disk. 

In order to obtain a constant, initial deflection, the torsion head is driven 
through a small, fixed, predetermined angle by a synchronous motor (4) 
and returned to its position by means of a spring. In this way, the sus- 
pended parts of the pendulum are set into torsional oscillations, the ampli- 
tudes of which become smaller and smaller due to the characteristic 
damping of the material from which the specimen has been fabricated. 

The timing system for measuring the period of oscillation consists es- 
sentially of a photo-diode (8), a transparent, circular time scale (9), and a 
synchronous motor (/0). A beam of visible light is directed onto the rear 
reflecting surface of the recording mirror which reflects the beam to the face 
of the photo-diode which, in turn, activates the synchronous motor. The 
convenient frequency range is from 0.1—3 cycles/sec. 

The recording system is based on the use of a UV light source (//) and 
self-developing UV sensitive paper (7). The UV beam passes through a 
condensing lens (/2), a series of diaphragms (/3, 14, 15) and the time scale 
disk, after which it is reflected by mirror (/6) through a second condensing 
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Fig. 2. Schematic diagram of the Torsional Damping Apparatus. 


lens (17) to mirror (18) from which it is reflected to the recording mirror. 
The recording mirror then directs the beam to the UV sensitive paper. The 
paper is driven across the transparent, plastic screen at a speed of 3.2 mm./ 
sec. so that the oscillatory record is printed as a decaying, sinusoidal type 
curve. The period of the oscillation is also printed on this paper. 

Heating is provided by a recirculating oil bath, cooling by the addition of 
liquid nitrogen and temperature measurement by means of copper-constan- 
tan thermocouples. The specimen is surrounded by a temperature cham- 
ber which provides a temperature range from —150— +150°C., with the 
highest temperature reached determined by the softening temperature of 
the material under study. 


(b) Experimental Method 


The oscillation frequency is used to calculate the shear modulus, and the 
decrease in amplitude is used to calculate the damping. The formulae for 
these calculations are derived from the solution of the simple equation of 
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motion,! /6 + kG*@ = 0, where J is the moment of inertia of the system, 0 
is the angular displacement, k is a shape factor depending upon the geometry 
of the test specimen, 6 is angular acceleration, and G* is the complex shear 
modulus, G’ + 7G”. 

Since the oscillation is sinusoidal in nature with an exponential decay 
envelope, @ can be written 6oee~“, where is the angular frequency, 
a is the attenuation factor, and ¢ is time. Substituting this value for 6 
into the equation of motion and solving for real and imaginary parts, one 
finds that G’, for low damping situations, can be calculated using the ex- 
pression Jw*/k. Because of the tensile load on the specimen, a correction 
must be applied to the frequency, following Nielsen.! Damping is ex- 
pressed as the logarithmic decrement which is the natural log of the ratio of 
two successive amplitudes: 6 = In A,/An41. 


: 


(c) Specimen Preparation 


The polymeric material under study is fabricated by compression mold- 
ing into a disk having a diameter of 5'/2 in. and a thickness of about 10 mils. 
In order to minimize the stresses built into the-sample disk during molding, 
pressure is not applied until the material begins to soften and flow. 

Specimens 1.00 cm. wide X 12.20 cm. long are cut from this disk using a 
special specimen cutter. The specimen, after having been cut from the 
sample disk, is inserted in the specimen clamps and made a part of the 
pendulum using a special jig which assures that the torsion rod or effective 
specimen length is always 10.00 cm. Use of the jig also helps in obtaining 
a uniform stress distribution across the width of the sample by providing 
good specimen alignment in the pendulum. 


RESULTS AND DISCUSSION 


The modulus and damping curves for a typical thermoplastic material are 
shown in Figure 3. Damping is plotted on the left, log modulus on the 
right and temperature along the bottom. Qualitatively, we can say that 
the material will be hard and rigid with a high modulus, low damping, and 
little elongation on the low temperature side of the damping maximum. 
In the transition region, the material will be leathery with large changes in 
the modulus and damping values. Above the transition region, the polymer 
becomes rubbery and is capable of great elongation with a low modulus. 

The dynamic modulus and damping curves for polystyrene are shown in 
Figure 4. The damping curve for polystyrene shows very low damping and 
the modulus curve shows a gradual decrease until the onset of the glass 
transition at about +60°C. Above this temperature, damping increases 
rapidly while the modulus drops rapidly. The glass transition temperature, 
taken in this study as the temperature of the damping maximum, is ap- 
proximately +96°C. 

The glass transition temperature can be considered to be the temperature 
below which a material is in its glassy state and above which it is in its 
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rubbery state. Since the glass transition temperature of polystyrene is 
above the use-temperature range, and since there are no secondary transi- 
tions of significant energy-absorption capabilities below this range, poly- 
styrene is hard and brittle and incapable of absorbing much energy during 
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Fig. 3. Dynamic curves for a typical thermoplastic material. 
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Fig. 4. Dynamic curves for polystyrene. 
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Fig. 5. Dynamic curves for mechanical blends of polystyrene and styrene/butadiene 
rubber. 














impact before failure results. In an effort to extend the use of polystyrene 
to impact applications, it was decided that a second material, whose glass 
temperature was below the use-temperature range and was thus capable of 
absorbing significant amounts of energy, be added. The material decided 








upon was a 77/23 butadiene-styrene rubber. 

The obvious approach was to simply mechanically blend the polystyrene 
and the rubber. Figure 5 shows the dynamic curves for three such blends, 
containing 5, 10, and 15% rubber, together with those for polystyrene. 
The damping curves for the blends have maxima at about —59°C., related 
to the glass transition of the rubber used. It is evident that the rubber 
becomes efficient as an energy absorber somewhere between the 5 and 10% 
levels. The large increase in damping above +50°C. is due to the onset of 
the glass transition of the polystyrene which occurs at a lower temperature 
than for the unmodified polymer apparently because of the softening effect 
of the rubber. This softening effect is also evident in the lower levels of 
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Fig. 6. Photomicrographs of dart drop impact areas for mechanical blends. 


the modulus curves and in the lower temperatures for the beginning of the 
large drops in moduli. The small drops in moduli in the vicinity of —60°C. 
are due to the glass transition of the rubber. 

Typical Izod notched impact values are 0.3 ft. lb./in. for polystyrene and 
0.36, 0.55, 0.63 ft. Ib./in. for the 5, 10, and 15% rubber blends, respectively. 
Impact tests were carried out using compression-molded specimens. AlI- 
though the results show some increase in impact resistance, they certainly 
do not show any significant improvement. More improvement can be 
obtained with blends incorporating certain less soluble rubbers than that 
used here. 

In order to get a picture of the reinforcing efficiency of the rubber in the 
blends, the same series of samples were subjected to a miniature dart drop 
test. Micrographs of the impact areas are shown in Figure 6. All of 
these samples received identical impact blows. Polystyrene shows a 
brittle type failure with four large cracks growing out of the central im- 
pact area. The samples containing 5 and 10% rubber also show these 
four cracks, which, however, are shorter in the latter specimen. The 
sample containing 15% rubber does not show these cracks. This means 
that somewhere between 10 and 15% rubber, enough of the impact energy 
is dissipated by the rubber to prevent the formation of large rupture cracks. 
The rest is dissipated in the formation of minute stress cracks, which show 
up dark in these micrographs because bright field microscopy was used to 
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Fig. 7. Dynamic curves for a mechanical blend of polystyrene, styrene/butadiene 
rubber and polybutadiene. 


obtain them. To the naked eye, these stress cracks are white and cause 
what is known as the whitening effect. 

In an attempt to obtain further improvement in toughness by providing a 
wider relaxation spectrum, two different rubbers were blended into poly- 
styrene, a polybutadiene and a 70/30 butadiene-styrene copolymer, each 
at the 10% level. The curves for this blend are given in Figure 7. The 
damping curve for the blend exhibits two low temperature damping max- 
ima, characteristic of the two rubbers used. The positions of these maxima 
on the temperature axis are roughly the same as they would be if they were 
used singly. However, the height of each rubber peak is higher than the 
same amount of rubber would give if used singly. Again the rubbers have 
a softening effect on the polystyrene as evidenced by the lower modulus 
level above the rubber transitions and the lower temperature for the large 
increase in damping due to the onset of the polystyrene glass transition. 
The low level of the dynamic shear modulus is indicative of a low tensile 
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Fig. 8. Comparison of the shape and size of rubber particles in phase contrast. micro- 
graphs of (a) mechanical blends and (b) solution polymers. 


modulus, which can, itself, be a property deficiency. Although the im- 
pact resistance has been increased from 0.3-3.0 ft. Ib./in., the modulus has 
been decreased from 4.5 X 10° psi-2.5 & 10° psi. 

Since mechanical blending results in satisfactory toughness only at the 
higher rubber percentages, which, in turn, cause a drop in modulus, a 
different approach utilizing solution polymerization was tried. Styrene- 
butadiene rubber was first dissolved in styrene, and polymerization was 
then carried out in solution. The finished polymer contained about 5% 
rubber. 

In order to compare the rubber dispersions in the blend and solution 
polymer, phase contrast micrographs were obtained and are shown in Figure 
8. In these micrographs, rubber particles show up darker than the poly- 
styrene matrix. The particles in the blend are 2-3 yu in size with a few 
larger than this. The size of these particles can be decreased by shearing 
action. The particles in the solution polymer range up to 12 u in size; the 
sizes of these particles, once they are formed, are not greatly affected by 
further shearing action. 

The rubber particles in the solution polymer, then, are significantly 
larger than those in the blend and are also more globular in form. The 
lighter spots within the rubber particles in the micrograph for the solution 
polymer are due to occluded polystyrene. These micrographs show that 
there is a definite difference in the types of rubber dispersions in the two 
polymers. 

‘igure 9 shows the dynamic curves for the solution polymer. The damp- 
ing curve has a maximum at about —51°C. associated with the rubber. The 
height of this peak indicates that the rubber is capable of absorbing sig- 
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Fig. 9. Dynamic curves for a rubber-modified polystyrene made by solution poly- 
merization. 


nificant amounts of energy. Corresponding to this maximum, there is a 
small drop in the modulus curve. 

The large increase in damping above +50°C. and the accompanying 
sharp drop in modulus are due to the onset of the glass transition in the 
polystyrene. Both of these occur at lower temperatures than for poly- 
styrene alone due to the softening effect of the rubber, which also causes an 
overall loss in modulus. Notched impact values have increased from 0.3 
1.2 ft. Ib./in.; modulus values have decreased from 4.5 K 10°-3.6 * 10° 
psi. 

It is apparent then, that, for a rubber-modified polystyrene made by 
mechanical blending and one made by solution polymerization to have 
roughly equivalent impact strengths, it is necessary that at least two to 
three times as much rubber be used in the former as in the latter. Thus, it 
would appear that the rubber in the blend is a less efficient reinforcing 
agent than that in the solution polymer. 
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Among the several explanations offered for this difference in efficiency, 
the grafting which occurs during the solution polymerization process is 
considered the most plausible. That grafting has actually taken place has 
been shown by ozonolysis techniques. 

Grafted chains, providing direct mechanical coupling between the rubber 
and polystyrene chains, might possibly serve as pathways for leading the 
energy due to impact from the polystyrene matrix into the rubber network 
where a greater portion of it could be dissipated as heat. Another way to 
say the same thing might be to say that the grafted chains might possibly 
supply a more satisfactory impedance match between the rigid polymer 
matrix and the more flexible rubber phase. What is needed is obviously 
not a perfect match, but rather a proper degree of mismatch. Figure 10 
shows diagrammatically what is meant by impedance matching. 
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Fig. 10. Impedance matching. 


A rubber particle and its environment, as we envision them, are shown on 
the left for the case of a mechanical blend and on the right for the case of 
a solution polymer. For the blend, we show a distinct boundary between 
the rubber particle and the rigid matrix with a sudden, discontinuous 
change in the energy transmission characteristics p,, C, in the polymer to 
pr, Cr in the rubber, where p is the density of the medium and C’ is the 
velocity of the stress wave in that medium. This distinct boundary with 
the sudden change in transmission characteristics results in a high per- 
centage of the energy of the stress wave being reflected with only a very 
minor portion entering the rubber particle where it can be absorbed and 
dissipated. 

For the solution polymer, we show a rather wide, nebulous boundary 
between the rubber particle and the polystyrene matrix in which the trans- 
mission characteristics p and C change more slowly from p,, Cp-pr, Cr due 
to the grafted chains extending from the rubber particle out into the poly- 
styrene matrix. We think it is this more gradual change in transmission 
characteristics that allows more of the energy of the stress wave to pass from 
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Fig. 11. Comparison of the dynamic curves for a mechanical blend and a solution 


polymer of polystyrene and styrene/butadiene rubber. 


the rigid polymer matrix to the flexible rubber particle where it can be 


absorbed and dissipated. 

Dynamic curves indicating the difference in reinforcing efficiency of the 
rubber in polymers made by mechanical blending and solution polymeriza- 
tion are presented in igure 11. Both polymers, for which the curves are 
given here, contain 5% styrene-butadiene rubber. The height of the rub- 
ber damping peak for the mechanical blend is significantly lower than that 
for the solution polymer. Since damping is closely related to energy ab- 
sorption, it can be said that the rubber in a mechanical blend is a poorer 
energy absorber than that in a solution polymer. The notched impact 
value for the former is 0.36 compared with 1.2 ft. lb./in. for the latter. 

The modulus curves show a much smaller modulus drop in the rubber 
transition region for the blend, the tensile modulus of which is 3.8 X 10° 


compared with 3.6 X 10° psi for the solution polymer. 
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Fig. 12. Photomicrographs of dart drop impact areas for » mechanical blend and a 
solution polymer. 
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Fig. 13. Comparison of the dynamic curves for a mechanical blend and a solution 
polymer of polystyrene and polybutadiene. 
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No satisfactory explanation has as yet been arrived at for the rubber 
in the blend having a lower glass temperature than that in the solution 
polymer. 

A sample of the solution polymer was subjected to the miniature dart 
drop test using the same impact blow as those previously shown. Micro- 
graphs showing a comparison of the two types of polymers are given in | 
Figure 12.. Shown again are the micrographs for polystyrene and the 5% 
rubber blend, together with one for the solution polymer, also containing | 
5% rubber. Although the solution polymer contains the same amount of 
rubber as the blend, the micrograph for it shows that rupture cracks did 
not develop. This is taken to mean that enough of the impact energy is 
dissipated by the rubber to render the remaining energy insufficient for 
rupture-crack growth. 

In order. to show that this type of behavior is not restricted to just one 
type of soluble rubber, Figure 13 shows the dynamic curves of two poly- 
styrene/polybutadiene polymers, one a blend and the other a solution poly- 
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Fig. 14. Damping curves for rubber-modified polystyrenes. 
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mer, both containing 5% rubber. Here again, the height of the rubber 
damping peak for the blend is significantly lower than that for the solution 
polymer, indicating a lower reinforcing efficiency. Again, softening effects 
due to the rubber are present. The notched impact value for the blend is 
0.3 ft. Ib./in. (no improvement over polystyrene) compared with 1.0 ft. 
lb./in. for the solution polymer. 


SUMMARY 


Figure 14 summarizes some of the dynamic curves for rubber-modified 
polystyrenes. ‘The damping curve in (a) is for polystyrene, showing that 
the glass transition occurs above the use-temperature range with no sig- 
nificant secondary energy-absorbing mechanisms below this temperature. 

The damping curve in (0) is for a mechanical blend showing the damping 
peak for the rubber. The height of the peak shows that the rubber will 
provide little reinforcement for the polystyrene. 

To increase the reinforcing efficiency of the rubber, a solution polymeriza- 
tion process was used. The results are shown in (c). The grafting which 
occurs increases the effectiveness of the rubber as shown by the higher 
damping peak. 

To obtain good low temperature properties, a rubber having a lower 
glass transition temperature than SBR is used. The results are shown in 
(d). 

The efficiency is again improved by making this polymer using solution 
polymerization techniques. The increased effectiveness is shown by the 
higher damping peak in the curve in (e). 

A summary of the data is given in Table I. 


TABLE I 
Summary of Data 


Impact strength 





Polymer Rubber 7', tubber 4,, (NI) 
PS 0.3 ft. lb. /in. 
PS + 5% SBR 
Blend —60°C. 0.030 0.4 
Solution — 53°C. 0.080 2 
PS + 5% PBD 
Blend 100°C. 0.045 0.3 


Solution 89°C. 0.110 


Therefore, it must be concluded from this study, that it is necessary to 
have polystyrene grafted to the rubber in order to use this rubber most 
efficiently as a reinforcing agent. 


The author wishes to thank Dr. J. A. Schmitt for providing the photomicrographs 
and A. A. Pettis and J. A. Fritz for carrying out the dynamic measurements. 
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Synopsis 


Dynamic mechanical properties as determined by a torsion pendulum were used to 
study rubber-modified polystyrenes. A comparison was made between the dynamic 
curves for a mechanical blend of polystyrene and rubber and for a rubber-modified 
polystyrene made by solution polymerization. It was shown that the rubber was used 
more efficiently as a reinforcing agent in the solution polymer. The grafting which occurs 
in the solution process was thought to contribute greatly to this efficiency. A type of 
impedance matching was suggested as a partial explanation for the greater reinforcement 
obtained with grafting. Specimens of both the blend and the solution polymer were 
subjected to miniature dart drop tests. Photomicrographs of the impact areas of these 
specimens were presented for a visual comparison of reinforeing action of the rubber in 
each. 


Résumé 






Les propri¢tés mécaniques dynamiques déterminées par un pendule de torsion ont été 





utilisées pour étudier le polystyréne modifié au caoutchoue. On a comparé les courbes 






dynamiques obtenues pour une mixture polystyré¢ne-caoutchoue obtenue par mélange 






mécanique d’une part et un polystyréne modifié au caoutchoue obtenu par polymérisa- 
tion en solution d’autre part. La réaction de greffage qui a lieu dans le processus en 
solution contribue largement 4 son efficacité. Un type de mesure d’impédance a été 
suggéré pour expliquer partiellement le plus grand renforcement obtenu par le greffage. 
Des échantillons des 2 mixtures par mélange mécanique et en solution ont été soumis A 








des tests de gouttes. Des photos micrographiques des régions d’impact de ces échantil- 






lons ont été présentées pour une comparaison visuelle de l’action de renforeement du 






caoutchouc dans chaque cas. 







Zusammenfassung 






Durch Torsionspendelmessungen wurden dynamisch-mechanische Eigenschaften an 
kautschuk-modifizierten Polystyrolen bestimmt. Ein Vergleich der dynamischen Kur- 
ven fiir eine mechanische Mischung von Polystyrol und Kautschuk und fiir ein durch 







Lésungspolymerisation erzeugtes kautschuk-modifiziertes Polystyrol wurde durchge- 
fiihrt. Im Lésungspolymeren trat eine héhere Wirksamkeit des Kautschuks als Ver- 
stiirker auf. Die im Lésungsverfahren auftretende Aufpfropfung scheint stark zu dieser 
Wirksamkeit beizutragen. Als teilweise Erklirung fiir die gréssere Verstiirkung bei 
Aufpfropfung wurde eine Art von Impedanzangleichung angenommen. Proben der 
Polymermischung und des Lésungspolymeren wurden einem Miniaturspitzenfalltest 








unterzogen. Zum visuellen Vergleich der Verstiirkungswirkung des Kautschuks in den 






Proben wurden Mirkoaufnahmen der Schlagfliichen angefertigt. 
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Properties of Polyethylene-Acrylic Acid 


Graft Copolymers 


JAMES K. RIEKE, and GERALD M. HART, C. C. Kennedy Research 
Laboratory, The Dow Chemical Company, Midland, Michigan 


INTRODUCTION 


Numerous techniques are available to prepare graft copolymers, 
perhaps the earliest was to prepare a substituted styrene which when poly- 
merized would have sites available for further reaction. Many other 
techniques have also been developed to prepare polymer molecules for 
further reaction. ‘The more common ‘‘pre-activation” techniques are with 
(a) ozone,' (b) oxygen,” (c) NO» or fuming HNO;,’ and (d) radiation with*® 
or without the presence of oxygen. In addition a polymer and monomer 
‘an be mixed and irradiated mutually ;° or a polymer, monomer, and a free 
radical catalyst may be mixed and reacted.? 

Of the various techniques enumerated the pre-irradiation technique of 
Chapiro et al.*° was chosen for experimental study because of its simplicity, 
its ease of activation, and its general applicability to the polyethylene- 
acrylic acid system. 


EXPERIMENTAL 
Activation 


The polymer chosen for activation was a commercially available high 
density polyethylene, containing no additives, prepared by Ziegler catalysis 
(Dow high density polyethylene). Nominal melt indexes of either 3.2 or 
5 were used in the investigation. ‘The polymer was activated by passing a 
densified powder under the electron beam of a Van de Graaff accelerator 
operating at 2 m.e.v. and a beam current of 220 u-amp. The polymer was 
irradiated at room temperature in the presence of air, and was normally 
given 0.4 megarads per pass under the electron beam. The polymer was 
irradiated to 0.8, 1.2, or 2.0 megarad + 10% of the total irradiation dose. 
The activated polymer was used within a few hours after activation. 


Reaction of Activated Polymer 


Reaction of irradiated polymer was carried out by the techniques pre- 
viously described by Rieke and Moore.’:’ The activated polymer was 
dispersed in a solution of toluene and acrylic acid. The system was purged 
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of air, and the temperature elevated to (120-140°C.). The reactor was 
held at this temperature until all (greater than 989) of the acrylic acid was 
polymerized. The product was then freed from polyacrylic acid and other 
water soluble impurities by dispersion in water. In general no further 
purification was carried out on the product. 

Dow-Badische technical grade acrylic acid was utilized in all experiments. 
The acid assayed between 94 and 95% acrylic acid, 3% water, and the 
remainder other acidic impurities. Nitration grade toluene was utilized in 
all experiments as a diluent. 


Analysis of Product 


Acrylic acid content of the product has generally been determined by 
infrared analysis of the graft copolymer films. Both the hydroxy] (3.2 x) 
and the carbonyl (5.8 «) bands are measured and compared to the polyeth- 
ylene band at 13.86 uw. In this sense the polyethylene band is used as an 
internal standard. The per cent acrylic acid is then determined from 
equations developed from calibrated samples of graft copolymer. For 
sample 102, used in much of this work, the weight per cent acrylic acid is 
8.2 + 1%. 

Efforts to fractionate the product into a series of fractions have not been 
successful. However, using a technique of solution and precipitation 
described below, two fractions have been obtained. Forty grams of raw 
graft copolymer is mixed with 400 ml. of xylene, heated to 130°C. held 
at this temperature until thoroughly dissolved (greater than 95% soluble at 
this temperature), and then precipitated into 1,000 ml. of methanol. The 
mixture is cooled to room temperature, filtered through a sintered glass 
filter, washed with methanol on the filter, dried, and weighed. For sample 
102, the xylene-methanol soluble fraction constituted 3.7 + 0.5% of the 
material. Efforts to analyze this fraction showed it to be almost com- 
pletely soluble in pure methanol, but only partially soluble in water. Car- 
bon-hydrogen analysis gave 51.33% carbon and 6.39% hydrogen. From 
the carbon-hydrogen analysis, we deduce that about 5-15% of the soluble 
fraction has a polyethylenic structure. Efforts to check this by infrared 
analysis failed to show the evidence of absorption bands at 13.86 » which 
suggests that, if this material is a polyethylenic material, it probably has a 
relatively low molecular weight—perhaps 500 or less. 

Absolute crystallinity values were obtained by the method of Aggarwal 
and Tilley,'’® and are reported in weight per cent crystallinity. The parent 
substrate polymer showed a crystallinity of 83.0% and the graft copolymer 
(sample 102) a value of 77.6%. Standard deviations of 1.1% are reported. 
If one corrects the crystallinity value reported for the graft copolymer by 
assuming that a simple weight fraction correction can be used, the crystal- 
linity of the polyethylene portion of the graft becomes 83.0%. The crys- 
tallinity of polyethylene appears to be little affected by the grafting of 8% 
acrylic acid to it. 

Two methods were used to determine melting and freezing temperatures 
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of the graft copolymer and of the parent polyethylene. Samples were 
placed on the hot stage of a binocular microscope using crossed polaroids at 
13 X magnification and heated at about 5°C./min. Melting and freezing 
were observed by the disappearance and appearance of birefringence. In 
the other method the sample was placed on a piece of metal, the metal 
heated by heat lamps, and the temperature was measured by a thermo- 
couple imbedded in the plastic. The data is summarized in Table I. In 
general, agreement between different methods is quite good. 


TABLE I 


Product Analysis 


Polyethylene- 














High density poly- acrylic acid 
Test ethylene base polymer graft sample 102 

Acid content (IR), % 0.0 8.2+ 1.0 
Crystallinity, % 83.0 77.6 (83.0) 
Extractable 0.0 3.7 + 0.5 

(5:2 methanol: xylene), % 
Melting point 

Birefringence, °C. 125-132 125-133 

Heating curve, °C. 110-134 27-135 
Freezing point 

Birefringence, °C. 122-120 122-120 

Cooling curve, °C. 122 124 





® Corrected for polyethylene fraction only. 


MECHANICAL PROPERTIES 


Mechanical properties of the parent high density polyethylene and of the 
resulting acrylic acid graft copolymer have been measured in order to 
determine the effect of the added acrylic acid. Properties measured were: 
tensile strength and elongation (at the upper yield point), the tensile mod- 
ulus, Izod impact strength, and dynamic modulus. All properties were 
investigated over a fairly broad temperature range to determine if relation- 
ships changed as a function of temperature. The conventional “static 
tests’”” were conducted as closely as possible to A.S.T.M. methods of 
test.!'-'4 Test specimens were injection molded into the standard test 


>: 


specimen bar which has a reduced section 2.5 in. long, 0.5 in. wide, and 
0.125 in. thick. The Izod notched impact bars were machined from the 
tensile bars. Crosshead travel speed for the tensile tests was 0.20 in./min. 
The temperature conditioning box used for the low and high temperature 
tests could be classified as grade B™ or better. 


Tensile Strength 


Figure 1 illustrates the variation of tensile strength (upper yield point) 
with temperature for both the high density polyethylene and the graft co- 
polymer. The graft copolymer is somewhat stronger than the polyethylene 
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at the lowest temperatures studied, converges and has the same strength 
as the polyethylene at 62°C., then falls slightly below the polyethylene at 
higher temperatures. At 105°C., the high density polyethylene used in 


TENSILE STRENGTH 


is - —+—-— 





| 














2000 


TENSILE STRENGTH,PS 








1000 























0 
-40 -20 0 20 40 60 80 100 


TEMPERATURE ,°C. 


Fig. 1. Tensile strength, at yield, vs. testing temperature: (O) high density polyethylene- 
8.2% acrylic acid graft copolymer; (@) high density polyethylene. 


these studies had a tensile strength of 1000 psi and the graft copolymer had 
a strength of 900 psi. 


Elongation 


Elongation (see Fig. 2), also at the upper yield point, shows a linear in- 
crease with increasing temperature over the temperature interval of —25 
to +50°C. with the elongation of the high density polyethylene only 
slightly more than that of the graft copolymer. At room temperature 
(21°C.) the parent backbone polymer has an elongation of 12.2% and the 
graft 11.2%. Perhaps most surprising is that in the vicinity of 55°C. the 
polyethylene shows a sharp increase in its ability to elongate while the 
graft copolymer appears to follow its initial rate of change with temper- 
ature. At the present time, we have no good explanation for the marked 
difference in behavior of the two polymers in the 55°C. region. The dif- 
ference could be due to the difficulty of measuring elongation accurately 
(although we doubt that this is the explanation) or perhaps there is suffi- 
cient residual interaction of the acrylic acid side chains to prevent the poly- 
ethylene chains from slipping past each other with ease. 
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Fig. 2. Percentage elongation, at yield, vs. testing temperature: (O) high density poly- 
ethylene-8.2% acrylic acid graft copolymer; (@) high density polyethylene. 


Tensile Modulus 


The moduli data illustrated in Figure 3 show considerably more scatter 
than do either the tensile strength or elongation data previously shown in 
Figures 1 and 2. This particular measurement, which is somewhat more 
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Fig. 3. Tensile modulus vs. testing temperature: (O) high density polyethylene-8.2% 
acrylic acid graft, sample 102; (@) high density polyethylene. 
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susceptible to the operator’s choice of a rather nebulous slope, follows in a 
general way the anticipated results. Both the graft and the polyethylene 
exhibit linear decreases in modulus over the temperature interval —25 to 
+50°C. with the polyethylene-acrylic acid graft always béing about 15-25 
thousand psi higher than the substrate polymer. The polyethylene mod- 
ulus curve breaks around 50°C. which corresponds to the rapid change in 
elongation previously described. The graft copolymer appears to show a 
break in value at about 60°C. and follows closely the polyethylene curve to 
the maximum temperature measured (105°C.). 


Izod Impact 


Throughout the temperature range investigated the Izod impact values 
are always higher for the high density polyethylene than for the graft co- 
polymer (Fig. 4). At —25°C., values are 1.75 ft.-lb./in. of notch for the 
high density polyethylene and 1.06 ft.-lb./in. of notch for the 8.2% acrylic 
acid graft copolymer. Between —20 and —10°C. both polymers exhibit 
a sharp increase in impact resistance of about 1.5 ft.-lb./in. of notch. At 
the present time our measurements show no basic change of structure of the 
polyethylene in this temperature interval, however, there must be some 
general loosening of the structure or the mechanism of energy dissipation 
must change in this temperature interval. 

At temperatures above —10°C., the graft copolymer maintains a nearly 
constant value up to 65°C., and the polyethylene shows only a slight in- 
crease in resistance. The curves illustrated in Figure 4 were constructed 
from two different sets of measurements. The first set of experiments was 
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Fig. 4. Izod Impact vs. testing temperature: (@) high density polyethylene-8.2% 
acrylic acid graft copolymer, with machine at test conditions, (©) same except samples 
transferred from cold box to machine at room temperature, (O) high density polyethyl- 
ene, with machine at test conditions, (@) same with samples transferred from cold box to 
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carried out by conditioning the specimens and tester in the same enclosure ; 
the second set was determined by conditioning the specimens then quickly 
transferring the specimens to the impact apparatus (maintained at lab- 
oratory conditions) and measuring the impact resistance. The elapsed 
time for transfer was between 20 and 30 sec., and a temperature correction 
was applied to this data by making temperature measurements with a 
thermocouple imbedded in a bar. It is interesting to note how closely the 
values correspond when the correction is applied. 


Dynamic Shear Modulus and Damping 


The shear modulus (G’) and the log decrement (5) have been measured 
for a number of graft copolymers, high density polyethylene, an ethylene- 
acrylic acid random copolymer, and polyacrylic acid using the torsion 
pendulum technique. The frequency range investigated was 0.1-2.0 
cycles/sec. The real part of the modulus G’ is calculated from the oscilla- 
tion period and G@” the imaginary part is calculated from the damping of the 
amplitude. The log decrement (6) is given approximately by (#@"/G’) 
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Fig. 5. Log decrement and shear modulus vs. temperature. 
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Figure 5 illustrates both G’ and 6 for high density polyethylene, poly- 
acrylic acid, and a 84% ethylene-16% acrylic acid copolymer. The 6 curve 
for polyacrylic acid shows a small maximum for the carboxyl side group 
occurring at approximately —60°C. and a glass transition occurring at 
about +62°C. The shear modulus (G’) is approximately 2-3 X that of the 
polyethylene up to about +60°C. after which it closely approaches the 
modulus of the polyethylene. 
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Fig. 6. Log decrement and shear modulus vs. temperature: for three high density poly- 
ethylene-acrylie acid graft copolymers. 


The polyethylene 6 curve shows a sharp transition occurring at — 110°C. 
which is sometimes attributed to the glass transition of polyethylene, and a 
broad peak between 45-65°C. which is contributed by crystallinity of 


polyethylene. 

The third curve (for an ethylene-acrylic acid random copolymer) shows 
a much broader maximum at —110°C., there is no evidence for carboxy] 
vibrations, and a “glass transition” occurring on the low temperature side 
of the polyacrylic acid transition. The G’ lies well below the values ob- 


tained for either of the other two polymers and the absence of crystallinity 
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is observed. (X-ray diffraction studies also fail to show crystallinity in the 
random copolymer.) 

Figure 6 shows similar curves for three graft copolymers prepared from 
the same substrate polymer but with varying degrees of activation, and 
with nearly equivalent levels of acrylic acid grafted onto the polyethylene. 
Although differences in the curves are quite small there is a suggestion of 
differences. These differences are probably caused by the change in fre- 
quency of grafting and a corresponding change in molecular weight of the 
acid side chains. We might also expect that changes in graft frequency 
would also have disturbing effect on the polyethylene crystallinity. The 
differences in the curves is most noticeable in the 6 curves in the region of 
50°C. and for the G’ curve of sample 102. The G’ curves of the graft co- 
polymers are about equal or slightly greater than those obtained for 
polyethylene. 


RHEOLOGICAL PROPERTIES 
Melt Index 


The decreased mobility caused by the addition of acrylic acid branches 
onto polyethylene and the possible chain-chain interactions caused by 
neighboring carboxyl groups are expected to reduce the melt-index of the 
graft copolymer over that of the parent polyethylene. Data shown in 
Table II show a melt index" of 3.19 for the parent polyethylene and 2.15 
for the copolymer (sample 102). In general, the melt index changes in- 
versely with increasing amounts of graft acrylic acid and/or increased 
amounts of radiation activation. 


TABLE II 
Melt Flow 


PE-acrylie acid graft 
(sample No. 102) 


High density PE 
Test (base polymer) 


Melt index" 3.19 2.15 
(190°C., 2160 ¢.) 

Melt viscosity! 
(parallel plate) 43,500 poises 


57,000 poises 


Melt Viscosity 


To further demonstrate the effect of grafting on ‘‘flowability,” melt 
viscosities have been determined at 180°C. using a parallel plate plas- 
tometer.'7 Values are reported in Table II. For sample 102, containing 
8.2% acrylic acid, the melt viscosity was 57,000 poises, and the equivalent 
measurement on the polyethylene yielded a value of 43,500 poises. Nearly 
identical per cent changes were observed from both measurements: 30- 
33%. 

In spite of these increases in measured viscosity there is little evidence 
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to suggest that the graft polymers are more difficult to extrude or injection 
mold. Apparently the increased shear rates observed in fabrication 
equipment transmits sufficient energy to the polymer so that energies in- 
volved in the chain-chain interactions become insignificant compared to 
other factors. 


CHEMICAL PROPERTIES 


The addition of the carboxyl group into the polyethylene introduces a 
certain number of chemical changes which can often be used effectively. 


Chemical Reactivity 


Polymers prepared by the grafting technique all have relatively long side 
chains with a large number of carboxylic acid groups pendant to the side 
chains. These carboxyl groups are all potentially capable of undergoing a 
number of reactions. Experiments have shown that the graft copolymers 
react with glycols, alcohols, epoxides, amines, and metallic cations. Each 
is susceptible to the problems of carrying out a reaction in a very viscous 
media and the inherent difficulties of driving polymeric reactions to com- 
pletion. 


Adhesion 


This inherent reactivity also makes it possible to adhere the graft co- 
polymers to a number of different materials, either by direct chemical 
attack or by short range polar interactions at the interface. The result 
often is a bond which is as strong as the weaker of the two materials bonded 
together. In evaluating this particular property, i.e., adhesive strength, 
we have generally used the A.S8.T.M. test method D 903-49" but with a 
pulling speed of 4 in./min. rather than the 12 as specified. 

The test is carried out by bonding a film or sheet of the graft copolymer 
about 6-10 mils thick to a sheet of aluminum foil about 2.0 mils thick in a 
compression press at predetermined temperatures, pressures, and times. 
This material is then mounted in a fixture, the aluminum foil is loosened at 
one end, bent 180° (back on itself), and then pulled from the graft copoly- 
mer. Thicker pieces of aluminum foil, higher pulling speeds, or pulling 
polymer from foil generally yield higher values of adhesiveness. 

Figure 7 shows the effect of graft frequency and bonding temperature for 
the three samples 101A, 101B, and 102. The samples were all molded at 
230 + 5 psi pressure. They were inserted in the press set at the desired 
temperature, pressure was applied and maintained for 2 min. The samples 
were cooled in the press, removed when cool, and cut in one inch wide strips. 
Five specimens were tested at each temperature. The chief difference in 
these materials is the graft frequency and not the carboxyl content. Notice 
that the slope increases with decreasing graft frequency. We hypothesize 
that at low temperatures a greater per cent of the acrylic acid side chains 
are immobilized for polymers with greater frequency than. for polymers 
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Fig. 7. Peel strength adhesion on aluminum vs. bonding temperature for three high 
density polyethylene-acrylic acid graft copolymers: (A) 0.8 megarad activation, 8.2% 
acrylic acid; (O) 1.2 megarad activation, 8.0% acrylic acid; (@) 2.0 megarad activation, 
8.8% acrylic acid. 


with a lesser frequency. Once a chain is immobilized the chance of bonding 
additional carboxy] groups to the surface is largely a function of the number 
of additional groups available in the chain and the chain mobility which is 
a function of chain length. We would therefore expect an increase in 
adhesion with increasing bonding temperature, and simultaneously a 
greater percentage increase for the less frequently grafted materials (longer 
side chains). This agrees with the facts as we observe them and as il- 
lustrated in Figure 7. 

Figure 8 illustrates the peel strength as a function of the test temperature. 
All samples were prepared in a manner similar to that previously described 
except at a pressure of 110 psi and at a fixed molding temperature of 200°C. 
The open circles are for data obtained from samples prepared from extruded 
film, and the closed circles from compression molded film. , The agreement 
between the two curves is quite good for this type of test. (The adhesive- 
ness of the base polyethylene was too low to be tested, and can be considered 
to be less than 0.5 Ib./in. of width.) 
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The data clearly show that the peel strength decreases in a linear fashion 
from —30 to +30°C., remains at a constant level from +30 to +70, and 
then decreases linearly at higher temperatures. We cannot account for 
this decrease in strength (about 3.5 lb.) by a change in rigidity of aluminum 
over this temperature interval—the effect is too large, nor by a change in 
the properties of the polymer. Perhaps the explanation lies in the char- 
acter of the surfaces and the interaction energies at the interface. 

Above 70°C. we would expect much structural loosening of both the 
polyethylene fraction and the acrylic acid fraction. We would expect to 
see the interface begin to soften slightly and an increasing tendency to 
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Fig. 8. Peel strength adhesion on aluminum vs. testing temperature for a high density 
polyethylene-8.2% acrylic acid graft copolymer. 


observe polymer-polymer separation rather than aluminum-polymer sep- 
aration. In addition we would expect the interfacial bond to continue to 
weaken. All these factors contribute to and probably account for the 
increasing rate of decrease of adhesion with increasing temperature above 
70°C. From —30 to +30°C. the rate of decrease is 0.06 Ib./°C., and 
above 70°C. the rate of decrease is 0.09 lb./degree. 

Although we have presented only peel strength data, the lap shear test 
also yields results which are high. For example, 20 mil thick chromed steel 
sheets bonded together by an 8% acrylic acid graft copolymer fail in the 
metal. This occurs when the joint area is only 0.5 square inches or greater. 
Tests on joints prepared with 63 mil aluminum, with 0.5 mil thick glue 
lines, exhibit strengths of 1700 psi or more when tested at room temperature. 
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Water Resistance and Gas Permeability 


The water vapor permeability and the gas transmission might be ex- 
pected to change with the introduction of a polar group into the polyeth- 
ylene. On the other hand since the crystallinity is only slightly affected, 
if at all, and since to a large degree this property tends to control the re- 
sistance to permeation we might expect these affects to be less than expected 
for the introduction of a polar constituent. Results of tests are illustrated 


in Table ITI. 


TABLE III 


Water Resistance and Gas Permeability 


High density PE-aerylie acid Low density 
Test polyethylene graft (No. 102) polyethylene 
MVTR* 0.18-0.68 0. 25-2.0 0.7-1.26 
H.O 0.02°; 0.07°; 0.02°; 
absorption 
Gas transmission” 
Os 100 150 330-520 
COs 500 510 1310-1500 





* g./24 hr./100 in.?/mil. 
b ee. /24 hrs. /100 in.*?/mil/atm. 


DISCUSSION 


The tensile strength, elongation, and tensile modulus data follow the 
expected trends previously shown for high density polyethylene.'®:”° 
Tensile strength and tensile modulus both decrease in a nearly linear fashion 
up to about 50°C., both show a change in slope at about 50° and then 
continue to decrease linearly to about the crystalline melting point. The 
elongation shows a slight increase up to about 50°, a sharp transition be- 
tween 50 and 60°C., and then remains substantially constant up to the 
crystalline melting point. (I igs. 1, 2, 3). 

Similar effects are generally noted for the 8°% acrylic acid graft copoly- 
mer. The addition of the more rigid component generally tends to make 
the tensile strength slightly greater, the elongation slightly lower, and the 
modulus higher. It is interesting to note that a cross-over occurs in the 
tensile strength behavior at a temperature approaching the glass transition 
of polyacrylic acid, and also at a temperature where the polyethylene struc- 
ture begins to undergo changes. As previously mentioned, a sharp break 
occurs in the elongation-temperature curve for polyethylene at about this 
same temperature (50°C.), but none occurs for the graft copolymer speci- 
mens. Visual examination of the graft copolymer specimens which were 
broken in the 50-70°C. temperature interval suggest that the high stress 
point may be at a local imperfection. [Elongation was not uniform across 
the bar nor was the polymer as rubbery in character as it was for the poly- 
ethylene blanks. At the present time we suggest that this change in be- 
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havior is probably caused by the volume change occurring in the polyacrylic 
acid side chain as the sample is heated above the glass temperature of 
polyacrylic acid. A phenomenon of this sort would not only explain the 
observed differences in elongation behavior but could also explain the 
cross-over observed in the tensile strength curves. 

The tensile modulus curves (Fig. 3) show that the polyethylene-acrylic 
acid graft copolymer exhibits a modulus approximately 15,000—25,000 psi 
higher than the polyethylene over the temperature interval —30 to +50°C., 
above this temperature the difference is much less (about 5,000—10,000 psi) 
and may actually approach that of polyethylene near its crystalline melting 
point. The data reported here indicate a modulus increase of 2500-3000 
psi for each per cent acrylic acid added. Other data*®! tend to support 
this observation, and the rule appears to be approximately valid for graft 
copolymers prepared from either high or low density polyethylene and over 
the concentration of 5—25% acrylic acid. 

Izod impact values (lig. 4) for the graft copolymer are always less than 
observed with the polyethylene, and both materials show a break in the 
curve about —20 to —10°C. At the present time we have no explanation 
for this break except to comment that it occurs at a temperature where 
we begin to see the first changes in damping associated with the crystalline 
region of the polyethylene. 

Coincident with the changes in mechanical properties introduced by 
the grafting of acrylic acid to polyethylene are the introduction of chem- 
ically reactive sites in the polymer. Among the most interesting properties 
observed is the ability to adhere to various other materials. This has 
been demonstrated in Figure 7 for adhesion to aluminum. 

Different degrees of activation of these samples and nearly equivalent 
mounts of grafting suggest that the frequency of grafting should be dif- 
ferent for samples 101A, 101B, and 102. Careful analysis of the dynamic 
properties (Fig. 6) suggest that the frequency is in the order expected. 
The adhesion studies show that at lower bonding temperatures the samples 
with a greater frequency of grafting exhibit higher adhesion, but that 
the rate of increase of adhesion with increasing temperature is in the re- 
verse order. It was expected that the more frequent grafts would have 
more bonding sites available at low temperatures (e.g., 1 acid group/chain) 
but once a chain was tied to the surface of the adherent it would be in- 
creasingly difficult to bond other acid groups on this same chain to the 
surface. However, the ability to get additional side groups to bond to 
the adherent surface should be inversely proportional to the length of 
the side chain providing that the viscosity is sufficiently low that they 
will have sufficient mobility in the medium to reach the surface. The 
data of Figure 7 show that at the higher bonding temperatures the less 
frequently grafted materials exhibit higher adhesion than do the more 
frequently grafted polymers. However, at lower temperatures the re- 
verse behavior is observed. 

The adhesion behavior plotted as a function of the environment and 
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illustrated in Figure .8 is somewhat of a surprise. For the type of test 
we have carried out, we would have generally expected a decreasing degree 
of adhesion with decreasing temperature in the low temperature region 
since the coefficient of expansion of the two materials is quite different. 
Thus, the lower the temperature the greater is the stress concentration 
at the interface. At the same time, if polar bonds are responsible for 
the adhesion, we would expect decreasing temperature to increase the bond 
strength between the metal and polymer. Therefore the increased bond 
strength between metal and polymer must more than offset the stress 
introduced by the difference in expansion character of the two materials. 

At temperatures. above 60°C. we would expect that the bond would 
become increasingly weaker with increasing temperature and at a rate 
greater than observed below the 7’, for polyacrylic acid. This explanation 


is in agreement with our data. 


CONCLUSIONS 


A graft copolymer of high density polyethylene and acrylic acid has 
been prepared. The properties of this polymer have been compared to 
the parent polyethylene, and polyacrylic acid. 

lor most properties tested the graft copolymer exhibits the type of 
behavior expected for this type of structure. In general the property 
trends observed in polyethylene are retained in the graft copolymer with 
the greatest change being observed in the modulus. The adhesivenesss 
of the graft copolymer is greatly improved over that of polyethylene with 
very little effect observed on the moisture sensitivity or crystallinity. 
The data also suggest that the introduction of the acid group introduces 
sites for intramolecular or intermolecular hydrogen bonding, that these 
bonds are most effective at low temperatures, decrease in strength with 
increasing temperature, and at about 60-70°C. become largely ineffective. 
Bonds to very polar surfaces such as metals follow much the same trend 
but are relatively strong up to about 110-120°C. 

The authors wish to gratefully acknowledge J. E. Burkholder who carried out: most 
of the mechanical property measurements, and some of the studies on the adhesiveness 
of the graft copolymer; L. Borchert for making additional studies on adhesion; and 
Dr. 8S. Turley for carrying out the torsion pendulum measurements and assisting in their 
interpretation. In addition, they gratefully acknowledge the many other people who 
made measurements on the graft copolymer systems. 
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Synopsis 





A graft copolymer of high density polyethylene and acrylic acid has been prepared by 
pre-irradiation activation of the polyethylene. The properties of an 8% acrylic acid 
copolymer have been compared to the parent polyethylene and polyacrylic acid over a 
range of temperatures. Most properties measured exhibit the type of behavior expected 
for this type of structure. In general the property trends observed in high density 
polyethylene are retained in the graft copolymer. The greatest physical property change 
is observed as an increase in tensile modulus of about 15-25,000 psi when measured at 
room temperature. The adhesiveness of the graft copolymer is greatly improved over 
that of polyethylene but very little change is noted in the moisture sensitivity or crys- 
tallinity. The data also suggest that the introduction of the acid group introduces sites 
for hydrogen bonding or for further chemical reactions. 














Résumé 







On a préparé par préirradiation du polyéthyléne un copolymére greffé de polyéthyléne 
a haute densité et d’acide acrylique. Les propriétés d’un copolymére contenant 8% 
d’acide aecrylique ont été comparées A celles du polyéthyléne et de l’acide polyacrylique 
dans une certaine région de températures. La plupart des propriétés mesurées mon- 
trent que ce copolymére a un comportement prévu pour ce type de structure. En général 
les propriétés observées dans le polyéthyléne 4 haute densité sont maintenues dans le 
copolymére greffé. La propriété physique qui subit la plus grande variation est le module 
de torsion, celui-ci augmente de 15-20000 psi lorsqu’il est mesuré 4 température de 
chambre. L’adhésivité du copolymére greffé est fortement améliorée par rapport au 
polyéthyléne, par contre on observe peu de changements quant 4 la résistance A 
Vhumidité ou la cristallinité. Les données suggérent également que |’introduction d’un 












groupement acide forme des centres capables de former des liens hydrogénes ou de 






donner lieu. 4 d’autres réactions chimiques. 










Zusammenfassung 


Durch Vorbestrahlungsaktivierung von Polyiithylen wurde ein Pfropfeopolymeres aus 
Polyithylen hoher Dichte und Acrylsiure dargestellt. Die Kigenschaften eines Copoly- 
meren mit.8% Acrylsiiure wurden mit denjenigen des urspriinglichen Polyithylens und 
von Polyacrylsiiure in einem ganzen Temperaturbereich verglichen. Die meisten 
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gemessenen Kigenschaften zeigen das fiir diesen Strukturtyp erwartete Verhalten. Im 
allgemeinen ist der bei Polyithylen hoher Dichte beobachtete Eigenschaftstrend auch 
beim Pfropfeopolymeren zu erkennen. Als grésste Anderung einer physikalisehen Eigen- 
schaft wird eine Erhéhung des Zugmoduls um etwa 15—25000 p.s.i. bei Raumtemperatur 
beobachtet. Die Adhisionsfihigkeit des Pfropfeopolymeren wird gegeniiber der von 
Polyathylen stark verbessert; dagegen wird nur eine sehr kleine Anderung der Feuchtig- 
keitsempfindlichkeit oder Kristallinitit festgestellt. Die Ergebnisse zeigen auch, dass 
die Einfiihrung von Siuregruppen Stellen fiir Wasserstoffbindung oder fiir weitere chem- 
ische Reaktionen erzeugt. 
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On the Estimation of Unperturbed Dimensions 


from Intrinsic Viscosities* 


W. H. STOCKMAYER, Department of Chemistry, Dartmouth College, 
Hanover, New Hampshire, and MARSHALL FIXMAN, Jnstitute of 


Theoretical Science, University of Oregon, Eugene, Oregon 


Unperturbed dimensions of flexible linear macromolecules! can be ob- 
tained from intrinsic viscosity-molecular weight data in any solvent, good 
or poor, if (as is almost always true) the hydrodynamic draining effect is 
negligible and if an estimate can be made of the viscosity expansion factor 
an, defined by 

[n] = KM’ 0%' (1) 


In principle, this can be done graphically from the [y]-J/ relation alone if a 
reliable expression is available for the dependence of a,on M/. The classical 
graphical procedure is that of Flory, ox, and Schaefgen,? which is based on 
Flory’s! well-known equation 


a&& — a = Cy(1 — 2x1) M'” (2) 


for the expansion factor a associated with the displacement length of the 
chain, and on the assumed identity of a and a». Then [n]/*M-* should 
be a linear function of M[n]-', with an ordinate intercept equal to K’’*. 
The unperturbed dimensions of the chain are then obtained from 


K = ’,A* (3a) 
A? = (L?))>M “I (3b) 


where &(~2.8 X 10?* egs) is the universal viscosity constant! for chain 
polymers in theta solvents. 

Although such a graphical method is at first sight superfluous if measure- 
ments have been made in a theta solvent, it may offer the only practical 
route to the unperturbed dimensions of polymers which have such high 
crystalline melting points that they cannot be observed in theta solvents 
at experimentally practical temperatures. Furthermore, as is now clear 
from the recent results of Ivin, Ende, and Meyerhoff* for hexene-1-poly- 
sulfone, the unperturbed dimensions may depend significantly on short- 
range polymer-solvent interactions, especially for highly polar polymers, so 


* Supported by the National Science Foundation and the Division of General Medical 
Sciences, Public Health Service. 
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that it would be highly desirable to have a method of obtaining reliable 
values of A in each solvent, good or poor. Unfortunately, neither eq. (2) 
nor the assumption that a = a» are rigorous, and in very good solvents the 
corresponding graph tends‘ to give too small values of A. In. this com- 
munication we propose an alternative procedure which we believe to be not 
only theoretically preferable but also simpler in application. 

Recent attempts to improve on eq. (2) include those of Ptitsyn® and of 
Kurata, Stockmayer, and Roig. Each of these efforts gives a more com- 
plicated equation for the expansion factor; for example, the latter authors 
obtain: 

a® — a = 429(a)/3 = CM'"g(a) 
g(a) = 8a3(3a? + = (4) 


This expression gives® a much better fit than eq. (2) to the results of Wall 
and Erpenbeck’s Monte Carlo calculations’ of the dimensions of chains on 
diamond lattices, and more recently Kurata and Stockmayer‘ have used it 
to obtain unperturbed dimensions of a large number of polymers from their 
intrinsic viscosities. The awkward form of eq. (4), however, necessitates a 
rather lengthier graphical procedure than the original one of Flory, Fox, 
and Schaefgen. The same may be said of methods based on the Ptitsyn 
relation. 

Very recently, in the course of an investigation of the distribution func- 
tion for the radius of gyration,® one of us was led to revive an earlier differ- 
ential relation® for the expansion factor. Its integration leads to the very 
simple closed form 


a = 1422 (5) 
Here, as in eq. (4), the parameter z is the one commonly encountered in 
perturbation theories of the expansion factor," and is given by 


z = (3/2x)"BA“M” (6) 
where B is related to Flory’s interaction parameter x; by 


B = #(1 — 2y1)/ViN a (7) 


with 6 = specific volume of polymer, V; = molar volume of solvent, Ny = 
Avogadro’s number. 

Remarkably enough, eq. (5) is numerically very close to eq. (4) for the 
whole range of variables,* although its theoretical derivation® is completely 
unlike that® of eq. (4). Thus, although neither of the derivations is rigor- 
ous, the agreement of the two final equations with each other and with the 
Wall-Erpenbeck lattice calcylations’ inspires some confidence. 

A second theoretical problem is that of the viscosity expansion factor 
a». In justification of an intuitive suggestion,'! and in agreement with a 
perturbation theory for the translational diffusion constant,'? it has been 


* For example, both equations give a* = 1 + 22 for small z, and the asymptotic values 


of a?/2 are 2.05 and 2, respectively. 
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shown by Kurata and Yamakawa" and by Ptitsyn and Eisner" that the 
viscometric hydrodynamic radius of a chain molecule is less sensitive to a 
change in solvent power than is the radius of gyration. The perturbation 
calculation of Kurata and Yamakawa" yielded the approximate result 


Qn? — l ot 1.552 of O(z)? (8) 
and comparison of coefficients led them to propose the relation 


ay? = a4 (9) 


between the two expansion factors. This relation is in rather good agree- 
ment with experimental results such as those of Krigbaum and Carpenter,'® 
which show unequivocally that the Flory-Fox viscosity number! ® de- 
creases with increasing molecular weight or solvent power. However, it 
also predicts that & should decrease without limit, while the recent data of 
Schulz'* tend to support a decrease to a nonzero asymptotic value (if not 
passage through a minimum) in a plot of @ against a. Also, the mean 
segment density about the molecular center of mass attains a limiting form® 
at high expansions, and it is therefore almost certain that the ratio a»/a 
approaches a finite nonzero limit. It therefore seems necessary to dis- 
card eq. (9). One possible device‘ is to retain the same functional form for 
a as for a but to modify the numerical constant so as to attain agreement 
with the perturbation calculation. Thus, to be consistent with eqs. (5) 
and (8), we have simply to write 


a,*? = 1 + 1.552, (8’) 


without higher terms.* 
Now, use of eqs. (8’), (6), and (3a) in (1) leads to the simple equation 


[n] = KM"? + 0.51%BM (10) 


for the intrinsic viscosities of flexible chain polymers in all solvents, pro- 
vided draining effects are negligible. The remarkable feature of this equa- 
tion, in addition to its algebraic simplicity, is the clean separation of the 
effects of short- and long-range interactions into two separate and inde- 
pendent terms. The graphical treatment corresponding to eq. (10) is 
simply to plot [n]4/~'/? against 7'/*. The ordinate intercept equals K 
and the intercept is directly proportional to the polymer-solvent interaction 
parameter B. It seems unnecessary to give an example here; a detailed 
discussion of the present experimental situation may be found elsewhere.‘ 
Some time ago Krigbaum" proposed a semi-empirical relation correlating 
osmotic second virial coefficients with intrinsic viscosities, and he later used 
it'S to estimate the unperturbed dimensions of polymers. His equation is 


[n] = [nle + 0.50A.M (11) 


* Actually, the constant in this expression is probably a bit too low, but this possibility 


does not affect our argument. 
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when the intrinsic viscosities and AoM are in the same units. Since the 
virial coefficient is given’ by 


A, = N,Bh(z)/2 









(12) 






it is possible to rewrite Krigbaum’s equation, with his value of &)(2.4 X 
10%) extracted,'* as 











(11’) 





[n] = KM¥? + 0.636)BMh(2) 





which is seen to bear an extremely close resemblance to our eq. (10). 
Since the function h(z) is somewhat less than unity, the numerical values of 
the final terms in eqs. (10) and (11’) are quite similar. However, since 
h(z) decreases slowly with increasing molecular weight (roughly as an in- 
verse power of the order of 0.1 or 0.2 in good solvents), there is some dif- 
ference of detail. We may conclude that the two equations are in essential 









agreement. 

In applying his equation, Krigbaum" substituted experimental values of 
the second virial coefficient into the last term of eq. (11) and then solved 
for [n],, from which he obtained the unperturbed dimensions. We believe 
that the difficulty of obtaining accurate values of the second virial coeffi- 
cient in some systems makes this method less preferable than one based 
solely on values of intrinsic viscosity and molecular weight, such as our 
proposed graphical method based on eq. (10). The latter also has wider 
applicability; for examples, values of 17 can be obtained from measure- 
ments of viscosity and sedimentation velocity by the method of Mandel- 














kern and Flory.'® 






Note Added in Proof: At the time of writing we were unaware of a more 
recent paper of Ptitsyn [Vysokomolekul. Soedin, 3, 1673 (1961) ], in which 
eq. (5) is also discussed. He prefers a more complicated relation which also 







fits second order® perturbation theory. 
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Synopsis 


Recent theoretical investigations of the expansion factor of a coiled chain molecule 
and of its role in viscosity lead to the simple intrinsic viscosity equation 


In] = KM‘? + 0.51&BM 


where 4 is the Flory-Fox constant and B is parameter measuring the polymer-solvent 
interactions. A simple graphical method of determining unperturbed dimensions can 
be based on this equation, which resembles an earlier semiempirical relation of Krigbaum. 


Résumé 


Des recherches théoriques récentes au sujet du facteur d’expansion d’une chaine 
moléculaire en pelote et son réle sur la viscosité aboutissent 4 |’équation simple de la 


viscosité intrinséque 
(n) = KM‘? + 0.51 ® »BM 


dans laquelle 4) est la constante de Flory-Fox et B est le paramétre qui mesure |’in- 
teraction polymére-solvant. Une simple méthode graphique de détermination des 
dimensions non-perturbées est basée sur cette équation, qui ressemble 4 une relation 
plus ancienne semi-empirique ou Krigbaum. 


Zusammenfassung 


Neuere theoretische Untersuchungen des Expansionsfaktors einer verkniiuelten 
Kettenmolekel und seiner Rolle bei der Viskositiit fiihren zu der einfachen Viskositiitz- 
zahlbeziehung 

. i/o 7 
[yn] = KM“? + 0.51%BM, 
wo #) die Flory-Fox-Konstante und B ein Parameter fiir die Polymer-Lésungsmittel- 
Wechselwirkung ist. Mit dieser Gleichung ist eine einfache graphische Bestimmung der 
ungestérten Molekeldimensionen médglich, jfihnlich der schon friiher von Krigbaum 
angegebenen semiempirischen Beziehung. 
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Detection of Structural Differences in Polymers by 
Density Gradient Ultracentrifugation 
II.* Detection of Microgel 


ROLF BUCHDAHL, HERBERT A. ENDE, and LEIGHTON H. 
PEEBLES, Chemstrand Research Center, Inc., Research Triangle Park, 
Durham, N. C. 


INTRODUCTION 


In a preliminary communication! we reported that we are able to detect 
structural differences in synthetic polymers by means of density gradient 
ultracentrifugation. It is the purpose of this series of papers to present 
the experimental details. 

When a mixture of two liquids of different densities is subjected to a 
centrifugal field, a density gradient is established throughout the sample. 
If the conditions are properly chosen, the density of the liquid mixture near 
the cell center can be made equal to the density of a high molecular weight 
substance that is added to the system. The high molecular weight 
substance will distribute itself about the cell center with its maximum 
concentration at a definite density value. In the ideal case, the density 
value of the liquid mixture is the reciprocal of the partial specific volume of 
the polymer. Now if the polymer is composed of matter which has different 
partial specific volumes for different species, then these species will tend to 
separate into their own concentration bands. If the partial specific 
volumes are sufficiently different, then quite discrete bands can be observed. 
As will be shown below, the ideal case is not generally encountered in 
practice. Rather, one of the two solvents is preferentially adsorbed onto 
the polymer. The preferential adsorption alters the effective density of 
the polymer, which in turn controls flotation and sedimentation. There- 
fore, the polymer tends to collect in a region determined by its apparent 
partial specific volume, rather than the partial specific volume measured by, 
say, pyenometry. Thus, not only may the real partial specific volume 
affect separation into discrete bands, but also differences in preferential 
absorption can be used to augment separation, if they occur. This paper 
is concerned with the application of these techniques to a copolymer 
system which contains a very high molecular weight fraction known as 
microgel. 


* Paper I of this series is published in J. Phys. Chem. 65, 1468 (1961), (see ref. 1). 
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R. BUCHIDAHL, H. A. ENDE, 


METHODS FOR DETECTION OF MICROGEL 


The presence of microgel in polymers has been detected by light scat- 
tering,?~> phase microscopy,® filtration, centrifugation, electron micros- 
and by sedimentation analysis.’ All of these methods are de- 


copy,’ 
ficient in that the concentration of microgel is difficult to determine, 
especially if it is present in small amounts. The highly distorted Zimm 
plots from light scattering cannot be analyzed for the amount of microgel ;?~* 
phase microscopy is dependent upon a counting procedure; filtration and 
centrifugation is complicated by the mixture of smaller molecular weight 
species; electron microscopy is based on an assumed density and shape of 
the observed particle; sedimentation analysis is dependent not only upon 
the refractive index of a minor component (approximately 1°% of a 1% 
solution) but also upon a species that would have an extremely high 
sedimentation rate. The density gradient method, however, tends to 
concentrate the assorted species in the region of their individual apparent 
partial specific volumes. Analysis of the individual bands can provide 
information on the relative concentrations of microgel. 


MATERIALS 


Polymer Sample 






An acrylonitrile-vinyl acetate copolymer, known as sample 6, with an 
intrinsic viscosity in dimethylformamide, at 25°, of 8.1 dl./g. was used. 
This particular sample has been shown to contain microgel by one of us.? 
In ref. 2 an attempt was made to remove the microgel by ultracentrifuga- 
tion of a 1% solution for 3 hr. at 40,000 rpm. This procedure removed 
approximately 5% of the material. The polymer remaining in the super- 
natant liquid had an intrinsic viscosity of 7.06 dl./g. and had a molecular 










weight of approximately 1.5 X 10°. 







Solvent System 






Dimethylformamide (DMIF) was chosen for the major component 
solvent. It dissolves sample 6 in about 5 hr. at 100°C.—rather drastic 






conditions for copolymers of this type. As additives, halogenated hydro- 





carbons gave good results. Bromoform is miscible with DMF in all 






proportions and did not cause the polymer to precipitate from solution. 





The bromoform concentration required to collect the polymer in the middle 






of the cell was estimated from the equation 






p = 1/t = py + (— — po/pidei (1) 





which is based on the consideration that the solvent composition at the 
cell center is not changed much by the centrifugation and that the partial 
specific volumes do not change much on mixing. Here p is the reciprocal 







partial specific volume of the polymer, po is the density of the pure solvent 






(0), p: is the density of additive (1), and c} is the initial concentration of 
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the additive. Applying this equation to the copolymer in DMF-bromo- 
form solvent, the bromoform content should be 386.7 g./liter of solution. 
A series of experiments showed that the bromoform content had to be 
lowered to 135.6 g./liter to collect the polymer in the middle of the cell 
because there is a considerable preferential absorption of DMF on the 
polymer sample. The operating concentration is about one-third that 


for an ideal system. 


Equipment 


A Spinco Model-E ultracentrifuge was used in all experiments. Kel-F 
centerpieces were found to be inert to the solvent system. The tem- 
perature of the rotor was held at 25° by an RTIC control system. 


RESULTS 


The results are shown in Figures 2-9 in which Philpot-Svensson pictures, 
taken during the course of the experiments, are shown. It is desirable to 
interpret these pictures in terms of the concentration of each species as a 
function of both radius and time. Figure 1 aids the analysis of this 
interpretation. The lower curves of Figure 1 illustrates how the re- 


Fig. 1. Schematic representation of the course of a density gradient experiment at four 
different times. Upper curves show the patterns as seen with Philpot-Svensson optics. 
The lower curves show the (simplified) pattern if interference optics and a double sector 


cell are used. 


fractive index of each species increases in the vicinity of the cell center as 
time increases from ¢, to t;. These lower curves would result if Raleigh 
interference optics were used and if the density gradients in the solvent and 
solution cells were identical. Note that at the top of these curves the re- 
fractive index of the polymer does not vary with radius except at t;. Hence, 
the refractive index gradient at the top is zero, even though there is a 
continuous build-up in polymer concentration. The upper curves of 
Figure 1 are a schematic representation of the Philpot-Svensson pictures 
where the boundaries of the polymer are approaching the center, finally to 
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Fig. 2. Philpot-Svensson diagram representing the fraction 3 after 12 hr., 59 min. at 
19,160 rpm, phase angle 65°. 


Fig. 3. Philpot-Svensson diagram representing the band of fraction 3. The speed of 
the ultracentrifuge was increased from 19,160 to 33,540 rpm. Total elapsed time 25 hr., 
47 min. Time elapsed after reaching 33,450 rpm, 3 hr., 11 min. Near the meniscus 
and the cell bottom the boundaries of fraction 1 can be seen. Phase angle 65°. 


merge into a polymer band. The concentration gradient at the top of the 
curves is zero because the sedimentation rate of each molecule towards the 
cell center is proportional to the quantity (1 — vp), where v is the apparent 
partial specific volume of the molecule and p is the density at the position 
of the molecule in question. At the position where (1 — vp) is zero, the 
sedimentation rate is, of course, zero. Thus, in Figures 2 to 9, the in- 
crease in polymer concentration in the vicinity of the cell center cannot be 
seen until the polymer has formed a band. 

After about 4 hr. of ultracentrifugation at 19,160 rpm, polymer can be 
observed to collect in the middle of the cell. Figure 2 shows the sharp 
band that has collected after about 13 hours of centrifugation. The 
curvature of the baseline at the meniscus and at the cell bottom indicates 
that polymer is still distributed throughout the cell. When the centrifuge 
is increased from 19,160 to 33,450 rpm, the polymer boundaries separate 
from the meniscus and the cell bottom. Figure 3 shows the development 
of this new situation. A later stage is shown in Figure 4. After about 
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Fig. 4. Same diagram as Fig. 3. Total elapsed time 34 hr., 19 min. Speed 33,450, 


phase angle 65°. 


Total elapsed time 108 hr., 44 


Fig. 5. Same diagram as Fig. 3 but now at equilibrium. 
min. Speed 33,450 rpm, phase angle 80°. 


109 hr., the system has reached equilibrium, Figure 5 (the phase angle has 
been changed to 80° in this picture). The base line is almost straight but 
is superimposed by a rather complex curve. This curve is actually an 
overlap of three single curves representing three bands of polymer. We will 
designate these bands as fractions 1, 2, and 3. The middle part of the 
curve corresponds to a very sharp band, fraction 3, and a slightly less 
sharp band, fraction 2._ These two bands are superimposed by a broader 
band, fraction 1. From the widths of these bands we conclude that the 
polymer present consists of three different molecular weight fractions. 
Fraction 3 has a very high molecular weight; fraction 2 has an intermediate 
molecular weight; and fraction 1 has a relatively low molecular weight. 
Fraction 1 probably represents a portion of the polymer with linear struc- 
ture, while the other two fractions represent microgel present in the 
In order to check whether equilibrium had been reached in 109 


solution. 
The Schlieren 


hr., the experiment was continued for four more days. 
diagram at this time was identical to that of Figure 5. 
The sensitivity of the experiment increases when lower speeds are 


applied. However, at 17,940 rpm no bands were formed; obviously the 
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Fig. 6. Philpot-Svensson diagram representing the bands of fractions 2 and 3. The 
band of fraction 2 is just starting to form. Time 19 hr., 52 min. Speed 19,160 rpm, 


phase angle 65°. 





Fig. 7. Same diagram as Fig. 6, except time is 39 hr., 22 min. Fraction 2 builds up 
slowly, indicating that this fraction is rather polydisperse. Speed 19,100 rpm, phase 


angle 65°. 


density gradient is too small at this speed. The optimum speed to separate 
the microgel into two bands is 19,160 rpm for our sample. In an experi- 
ment in which the speed was set at 19,160 rpm, fraction 3 began to collect 
after 4 hr. The curve of this fraction was fully established after about 12 
hr. and was identical with the curve shown in Figure 2. After about 20 
hours, fraction 2 started to form a separate band, Figure 6. As the 
experiment proceeded, this band built up as seen in Figure 7 after 40 hr. 
and Figure 8 after 65 hr. The band from fraction 2 partly overlaps the 
sharper band from fraction 3. The slow, progressive enlargement of the 
band from fraction 2, is perhaps an indication that this material is poly- 
disperse. Molecules with high molecular weight reach the equilibrium 
position sooner than those with lower molecular weight. It is not possible 
to follow the movement of the boundaries of fractions 2 and 3 into the 
central band as is shown in Figures 2, 6-8. Rather, the height of the 
central band just increases with time. This means that the concentration 
of both fractions must be extremely low. Only when the concentration of 
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= 


Fig. 8. Same diagram as in Figure 6. Equilibrium has been reached. Time 64 hr., 25 
min., , Sine angle 65°. 





Fig. 9. Illustration of Philpot-Svensson diagram showing that conditions originally 
described for removing microgel for light scattering experiments are insufficient to com- 
pletely remove fraction 2. Time 116 hr., 16 min., speed 19,160 rpm, phase angle 65° 


the material has been increased to a detectable point in the region of the 
band does the polymer become visible. Equilibrium has been reached, 
Figure 8, after approximately 65 hr. because no further change occurred. 
The copolymer containing microgel studied here had been investigated 
earlier by light scattering.2 An attempt was made to remove the microgel 
for the light scattering experiments as described in the experimental 
section. However, the resultant Zimm diagram was somewhat distorted. 
The distortion was attributed to the presence of a small amount of dust. 
To see whether, in fact, all microgel had been removed from the sample 
prior to light scattering, a density gradient experiment was made. The 
sample was submitted to the same preparative centrifugation procedure 
prior to density gradient treatments. Figure 9, taken after about 116 
hr. at 19,160 rpm, shows that fraction 2 is still present in the polymer 
solution, whereas fraction 3 has been removed. ‘Thus, the last traces of 
microgel are difficult to remove. ‘The distortion of the Zimm plots may 
have been caused by remaining traces of microgel rather than by dust. 
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DISCUSSION 


It is not possible to determine the absolute partial specific volumes from 
the experiments described here because we are dealing with a non-ideal 
solution for which the interaction parameters are unknown. However, it 
is possible to estimate the differences among the apparent partial specific 
volumes of the three fractions of the polymer. 

Equations (5) and (6) in the article by Hermans and Ende," have been 
used for calculating the concentration distribution of bromoform across the 
cell. Interaction parameters are neglected. The densities at the lo- 
cations for fractions 1, 2, and 3 can be calculated from knowledge of the 
bromoform distribution across the cell. 

Table I lists the positions of the maximum concentration of the fractions, 


TABLE I 
Data from Run #61, rpm = 19,160 














Bromoform se 
r, concentration, p, 1/p = ve, 
Polymer em, g./ce. gr g./ce. cc. /g. 
High molecular 6.7376 0.1450 0.05017 1.0371 0.9642; 
weight fraction 3 
‘“*Middle”’ 6.7022 0.1442 0.04988 1.0365; 0.9647, 
fraction 2 
Difference 0.0354 0.0008 0.00029 0.00055 0.0005, 
Data from Run 481, rpm = 33,450 
High molecular 6.6802 0.1469 0.05083 1.0383; 0.96316 
weight fraction 3 
Low molecular - 6.6025 0.1413 0.04888 1.0347; 0.9664, 
weight fraction 1 
Difference 0.0777 0.0056 0.00195 0.00365 0.00335 





the bromoform concentration, the corresponding densities, and the apparent 
partial specific volumes as well as their differences. The difference in 
apparent partial specific volume of 0.00051 cc./g. between fraction 2 and 
fraction 3 is very small. This low value illustrates the sensitivity of the 
method. It corresponds to a distance difference of approximately 0.4 
mm. in the cell. The difference in apparent partial specific volume 
between fraction 1 and fraction 3 is about seven times higher. 

The bromoform concentrations for the position of fraction 3 are not the 
same at two different speeds because the equations used here are not 
rigorous. In addition, no account was taken of the effect of the pressure 
on the apparent partial specific volume of the polymer and on the density 
of the solvent mixture. 

The experiments described here clearly demonstrate that the sample 
consists of three parts. A rough estimate of the molecular weights of 
these fractions can be derived from the width of the curves, see Meselson, 
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Stahi, and Vinograd.'? Applying this, we find for fraction 3, a molecular 
weight of about 75 X 10°; for fraction 2: 25 & 10°; and for fraction 1: 
0.5 X 10°. These values are not to be considered accurate because non- 
ideality terms have been neglected. They give at best the order of magni- 
tude of the molecular weight. The result suggests that the molecules of 
fraction 3 consist of about three molecules of fraction 2. The difference 
between the effective density of these two fractions may be partly due to a 
real difference in partial specific volume and partly to a difference in 
preferential absorption. Furthermore, the test material is a copolymer 
and the copolymerization process may have produced three fractions with 
different compositions. At the present stage of our knowledge, it is not 
possible to decide what role this possible compositional distribution plays 
in the results obtained. 


The assistance of J. O. Threlkeld is gratefully acknowledged. 
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Synopsis 


An acrylonitrile-vinyl acetate copolymer known to contain microgel was examined by 
density gradient ultracentrifugation. It was found that the copolymer could be split 
into three distinct fractions of different apparent partial specific volume. The two 
higher molecular weight fractions had an observable difference in apparent partial spe- 
cific volume of only 5 X 10~4 ml./g., a value that is too small to be detected by standard 
methods. It was further shown that one solvent is preferentially adsorbed onto the 
polymer, possibly augmenting the separation of the different species. The three frac- 
tions in this case are assumed to consist of a linear fraction, a highly branched fraction, 


and aslightly crosslinked fraction. 
Résumé 


Un copolymére d’acrylonitrile et d’acétate de vinyle connu pour renfermer des micro- 
gels, a 6té examiné par |’étude du gradient de densité au moyen de l’ultracentrifugation. 
On a trouvé que le copolymére peut étre partage en trois fractions distinctes de volume 
spécifique partiel apparent différent. Les deux fractions de plus haut poids moléculaire 
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ont une différence observable de volume spécifique partiel apparent de 5 X 10~‘ ml./g. 
seulement, valeur trop petite pour étre détectée par des méthodes habituelles. II est 
aussi montré qu’un solvant est adsorbé préférentiellement sur le polymére ce qui rend 
possible une meilleure séparation des différentes especes. Les trois fractions dans ce 
cas consistent en une fraction linéaire, une fraction foretment ramifié et une fraction 


faiblement pontée. 


Zusammenfassung 


Ein Acrylnitril-Vinylacetatcopolymeres, das bekanntermassen mikrogel-hiltig war, 
wurde durch Ultrazentrifugierung mit Dichtegradienten untersucht. Das Copolymere 
konnte in drei verschiedenartige Fraktionen mit verschiedenem scheinbaren spezifischen 
Volumen zerlegt werden. Die beiden héhermolekularen Fraktionen zeigten einen 
messbarn Unterschied im scheinbaren, partiellen spezifischen Volumen von nur 5 X 10~4 
ml./g., was zu klein ist, um nach Standardmethoden erkennbar zu sein. Weiters wurde 
gezeigt, dass ein Lésungsmittel an das Polymere bevorzugt adsorbiert wird und so 
mdglicherweise die Trennung der verschiedenen Polymerarten begiinstigt wird. Im 
vorliegenden Fall wird angenommen, dass eine Fraktion aus linearem Polymeren, die 
zweite aus hochverzweigtem Polymeren und die dritte aus schwach vernetztem Poly- 


meren besteht. 
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Detection of Structural Differences in Polymers by 
Density Gradient Ultracentrifugation III. Tacticity 


ROLF BUCHDAHL, HERBERT A. ENDE, and LEIGHTON H. 
PEEBLES, Chemstrand Research Center, Ine, Research Triangle Park, 
Durham, N.C. 


INTRODUCTION 


In the preceding paper' it was demonstrated that differences of less 
than 0.0006 cc./g. in apparent partial specific volume of synthetic poly- 
mers can be detected by the density gradient method. Krigbaum, Car- 
penter, and Newman have reported on the partial specific volume of 
atactic and stereoregular polystyrene using a pycnometric method.’ 
These measurements indicated a difference of partial specific volume of 
about 0.004 cc./g. between the two types. Since the observed difference 
in partial specific volume is an order of magnitude higher than that de- 
tected earlier, it should be possible to separate atactic and stereoregular 
polystyrene one from another under the appropriate experimental condi- 
tions. The areas under the integrated Philpot-Svensson curves are 
proportional to the concentration of the species under study; therefore, 
the density gradient method permits determination of the tacticity of 
polystyrene samples. 


POLYMER SAMPLES 


The samples, provided by the Monsanto Chemical Company,* are 
described in Table I. The atactic sample was dissolved in benzene and 
reprecipitated with methanol. All the transition metal type samples were 
used without further purification. The samples were dried under vacuum 
for 24 hr. before use. Benzene was used as solvent. It dissolves atactic 
polystyrene quickly at room temperature. The stereoregular polymers 
were sealed, under nitrogen, with benzene in a thick-walled test tube and 
heated at 140°C. for approximately 4 hr. Clear solutions of stereoregular 
polystyrene and benzene could be obtained. 

Bromoform was chosen as additive because it was miscible in all pro- 
portions with the polymer-benzene solutions. Assuming a partial specific 

* We are greatly indebted to Mr. Q. A. Trementozzi and Mr. Robert Isaksen of the 


Plastics Division, Monsanto Chemical Company, Springfield, Mass., for the samples and 


their characterization. 
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TABLE I 
% MEK 








Sample Type of polymerization In], dl. /g. M, insoluble 
A Radical 0.96" 255,000 — 
B Transition metal 3.83" 2,000,000 98.0 
és ai E 1.90> 750,000 88.0 
D * 2.01» 810,000 78.4 
E = ze 2.10 880 , 000 71.0 





9-0 


®*In benzene at 25°. 
b In o-dichlorobenzene at 30°. 


volume of # = 0.9175 for polystyrene* in benzene, a bromoform con- 
centration of 303.7 g./liter solution was calculated using eq. (1) of ref. 1. 
A few experiments showed that this bromoform concentration was too 
low. A bromoform concentration of 380 g./liter collected the polymer in 
the vicinity of the middle of the cell. 

In some density gradient experiments, such high refractive indexes were 
encountered that the light beam was sufficiently deviated to completely 
miss the phase plate. This effect could be corrected by the use of negative 
wedge windows and by moving the light source to the rear of the ultra- 
centrifuge. The light source has been mounted on an adjustable carriage 
that allows it to be positioned reproducibly. 


RESULTS 


Results of the measurements are illustrated in Figures 1-6. Two cells 
were spun simultaneously. Wedge windows were used in order to shift 
the image of the cell either above or below its normal position. Figure 1 
shows the Schlieren diagrams of an experiment with an atactic sample and 
the stereoregular sample B placed in two separate cells. The upper curve 















Fig. 1. Philpot-Svensson diagrams representing the boundaries of polystyrene in 






benzene-bromoform. Upper curve: sample A, atactic. Lower curve: sample B, 






stereoregular. Polymer concentration: 0.6 g./liter. CHBr; concentration: 379.9 






g./liter. Time: 21hr.,30 min. Speed: 33,450 rpm. Phase angle: 70°. 
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Fig. 2. 


‘ ‘ . as * abies te . . 
Same diagram as in Fig. 1 except at equilibrium. 64 hr., 10 min. 


Fig. 3. Philpot-Svensson diagram representing the bands of a 1:1 mixture of samples 
A and B. Total polymer concentration: 1.2 g./liter. Upper curve: 379.9 g. bromo- 
form/liter solution. Lower curve: 334.3 g. bromoform/liter solution. Time: 22 hr., 
39min. Speed: 33,450rpm. Phase angle: 70°. 


Fig. 4. Same diagram as in Fig. 3 except after 26 hr., 55 min. 
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Fig. 5. Same diagram as in Fig. 3 except after 31 hr., 11 min. 


Fig. 6. Same diagram as in Fig. 3 except at equilibrium 39 hr., 43 min. 


represents the cell with atactic and the lower curve represents the cell with 
stereoregular polymer. The picture was taken after 21 hr.; the phase 
angle for all pictures is 70°. One can see that the stereoregular polymer 
(molecular weight 2 X 10°) has already formed pronounced boundaries. 
The boundaries for the atactic sample are difficult to see because of the low 
molecular weight. Equilibrium is reached in about 65 hr., Figure 2. A 
comparison of the positions of the concentration maxima of the upper and 
lower curves shows that the concentration maximum of the atactic poly- 
mer is closer to the meniscus than that of the stereoregular polymer, even 
though the column height in the cell with the atactic sample is somewhat 
shorter than the one with stereoregular sample. Also, the upper curve 
shows an additional band in the region of higher densities. The location 
of this fraction is in the region of the stereoregular polystyrene. We 
assume, therefore, that the atactic sample has a small portion of a stereo- 
regular fraction. 

In order to see whether atactic and stereoregular polystyrene can be 
separated, a mixture of 0.60 g./liter solution of each species was prepared. 
The solution had 1.20 g. of total polymer per liter. Several steps in the 
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course of the experiment can be seen in Figures 3-6. The lower curve 
stems from the cell with a bromoform concentration of 334.3 g./liter and 
the upper curve represents the cell with a 379.9 g. bromoform/liter solu- 
tion. Equilibrium has been reached within 40 hr. Ultracentrifugation 
for an additional 60 hr. produced no changes. Both curves in Figure 6 
clearly show that the two polymers separated into two distinct bands. 
The left part of the curve represents the band of the atactic polystyrene 
and the right part of the curve the band of the stereoregular polystyrene. 
These bands overlap a little. It would be possible to improve the sepa- 
ration by choosing another solvent or additive or perhaps by reducing the 
speed. Separation will, of course, be even better in cases where both 
fractions have high molecular weights, because the width of the band de- 
creases with increasing molecular weight. In order to see whether poly- 
mers of low stereospecificity could be separated into two distinct fractions, 
experiments were made with samples C, D, and FE. However, in no case 
could more than one band be found. Apparently the samples are uniform. 
To clarify this further, sample D was extracted for 24 hr. with methyl 
ethyl ketone. The extracted polymer was precipitated with methanol and 
dried under vacuum. Viscosity measurements on the sample gave an 
intrinsic viscosity of the order 0.1 dl./g. measured in benzene which 
corresponds to a molecular weight of about 10,000. The low molecular 
weight of the material prevents the atactic portion from collecting into a 
band so that it escapes detection. This could explain why no separation 
was observed. 


DISCUSSION 


The densities of the solution at the position of the maximum concen- 
trations were calculated as described in reference 1. These densities are 
listed in Table II. The difference in apparent specific volume is 0.025 
ec./g. compared to 0.004 cc./g. found by Krigbaum, Carpenter, and 
Newman.” This discrepancy cannot be explained on the basis of the 
molecular weight dependence of the partial specific volume. The Hoff- 
mann-Schulz equation for polystyrene’ is: d = i(M = ©) +K/M. The 


TABLE II 
Comparison of Band Position of Atactic and Stereoregular Polystyrene 

















Partial 
Bromoform specific 
‘, concentration, Density, volume, 
Polymer em. g./ce. $1 g./cec. ce. /g. 
Atactic 6.4344 0.3478 0. 1203, 1. 120, 0.892; 
Stereo- 6.6878 0.3945 0.13652 1.1532 0.8672 
regular 
Difference 0.2534 0.0467 0.0325 0.0251 
0.0045 


Difference Krigbaum, Carpenter, and Newman? 
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value of (4M = ©) is 0.9175 for polystyrene in benzene. The value for 
the second term for the atactic sample with a molecular weight of 255,000 
is —9 X 10-5 when K = —23. The stereoregular sample gives a second 
term of —11.5 & 10-® when the same value of K is used. (This value 
was rather arbitrary because a different catalyst was used to make the 
stereoregular sample; nevertheless, the order of magnitude is correct.) 
The difference between these partial specific volumes is negligible com- 
pared to the: value found experimentally. If the difference in the partial 
specific volumes described by Krigbaum, Carpenter, and Newman is 
correct, then it is possible that the discrepancy between their measure- 
ments and ours can be explained by differences in the solubility parameters. 
The considerations of Baldwin and Van Holde‘ as well as of Hermans and 
Ende® lead to the conclusion that nonideality effects cause a shift of the 
polymer band from its expected equilibrium position. The magnitude of 
this shift is dependent upon the amount of preferential adsorption. 

A separation of atactic and stereoregular polystyrene will always be 
possible if the differences in partial specific volume are of the order of 
0.004 ec./g. The only assumption required is that the fractions have 
sufficiently high molecular weights to form bands. In the case of the 
transition metal type polymers, the situation is somewhat different. 
They frequently contain a MEK soluble fraction, which has a very low 
molecular weight, along with the stereoregular fraction. The polymeri- 
zation of polystyrene with a transition metal type catalyst may involve 
two rather different types of reactions,®-* the one type (transition metal 
type polymerization) leading to a high molecular weight polymer with a 
very stereoregular structure and the other type forming a polymer with a 
very low molecular weight and perhaps a more irregular structure. It is 
possible in principle to determine the amount of stereoregular material in 
the whole polymer even when the MEK soluble fraction does not form a 
band because of its low molecular weight. This could be done by running 
a 100% stereoregular sample simultaneously in one cell while the sample 
under investigation is run in another cell under identical conditions. 
Comparison of the areas under the integrated Philpot-Svensson curve for 
the two bands should give directly the amount of stereoregular material in 
the sample, provided that the concentration of both polymers are the 
same. 

In principle, the density gradient method should be able to determine 
the degree of internal tacticity. This implies that each polymer molecule 
exists in the form of stereoregular and atactic blocks. If this situation 
does exist, then the polymer should form bands at locations intermediate 
between those of 100% stereoregular and 100% atactic. However, all of 
the transition metal type polymers listed in Table I collected at the same 
density location, indicating that variations in the internal tacticiiy did not 
occur. A more detailed examination of stereoblock structures by the 
density gradient method would be interesting. 

































The authors are indebted to J. O. Threlkeld for experimental assistance. 
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Synopsis 


An atactic and a stereoregular sample of polystyrene were examined by density 
gradient ultracentrifugation. It was found that the atactic material could be separated 
from the stereoregular material under proper conditions. The difference in apparent 
partial specific volume is 0.025 ml./g., whereas the value determined by pycnometry is 
0.004. The discrepancy is attributed to differences in preferential adsorption between 
the two species. Examination of several stereoregular samples that contained differing 
amounts of low molecular species soluble in boiling methyl ethyl ketone did not indicate 
the presence of stereoblock material. 


Résumé 


On a étudié un échantillon de polystyréne atactique et stéréorégulier par ultracentri- 
fugation de gradient de densité. ©n trouve que le matériel atactique peut étre séparé 
du matériel stéréorégulier sous certaines conditions. La différence en volume spécifique 
partiel apparent est de 0.025 ml./g., tandis que la valeur déterminée par pycnométrie 
est de 0.004. L’écart est attribué aux différences dans |’absorption préférentielle entre 
les deux espéces. L’examen de plusieurs échantillons stéréoréguliers contenant des 
quantités différentes d’espéces de faible poids moléculaire solubles dans la butanone 
bouillante n’indique pas la présence de matériel stéréobloc. 


Zusammenfassung 


Eine ataktische und eine taktische Polystyrolprobe wurden einer Ultrazentrifugierung 
mit Dichtegradienten unterzogen. Es zeigte sich, dass unter geeigneten Bedingungen 
eine Trennung des ataktischen vom taktischen Material méglich ist. Der Unterschied 
im scheinbaren, partiellen spezifischen Volumen betriigt 0,025 ml./g. gegeniiber einem 
pyknometrisch bestimmten Wert von 0,004. Dieser Widerspruch wird auf Unter- 
schiede in der bevorzugten Adsorption zwischen den beiden Stoffen zuriickgefiihrt. 
Eine Untersuchung mehrerer taktischer Proben mit verschiedenem Gehalt an niedrig- 
molekularem, in siedendem Methylithylketon léslichem Material lieferte keine Hin- 
weise auf die Gegenwart von Stereoblockpolymeren. 
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INTRODUCTION 


When a mixture of two solvents of different densities is subjected to 
centrifugation, a density gradient is established. If the initial composition 
is chosen properly, the density somewhere near the middle of the cell may 
be equal to that of a high molecular weight solute that is added to the 
system. This solute will then distribute itself around the cell center. The 
first applications to synthetic polymers were reported by Bresler et al.! 
to study copolymers and, independently, by Buchdahl, Ende, and Peebles,! 
who used the method to distinguish between molecules of different degrees 
of branching or different tacticities. 

Meselson, Stahl, and Vinograd? showed that in an ideal solution the 
distribution of a homogeneous polymer is Gaussian, with a width that is 
inversely proportional to the square root of the molecular weight. They 
also indicated a procedure to obtain the number-average and the weight- 
average molecular weight in a polymer-homologous mixture. To our 
knowledge, applications of this procedure to synthetic polymers have not 
yet been made. In the present article, the theory of the density gradient 
centrifugation of a polymer-homologous mixture will be examined with 
particular emphasis on the effect of concentration. For a homogeneous 
polymer the need to take concentration effects into account was indicated 
recently by Dayantis and Benoit;* in the present paper it will be investi- 
gated how polymer interactions affect the determination of the molecular 
weight distribution. The results will be substantiated by experimental 
data. 

The system to be considered is a mixture of two low molecular weight 
solvents 0 and 1 and s — 1 polymeric components 2,3. ..s. The equations 
governing the equilibrium in the centrifuge are? ** 


M,w?r(1 — %p) = dy,/dr (1) 


where yu, is the chemical potential, 3, the partial specific volume, 4/7, the 
molecular weight of component k, w the angular velocity, r the distance 
from the center of rotation, and p the density of the solution at the point r. 
This density is related to the volume fractions ¢, as follows, 
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(2) 


Using eq. 2, it is easy to show that the eqs (1) are related to each other 
through the Gibbs-Duhem relation, i.e., one of them may be considered 
as a consequence of the others. The equation with k = 0 will therefore be 


omitted. 

Pressure effects will not be considered explicitly. A discussion of these 
effects in ultracentrifugation has been given by Williams, Van Holde, 
Baldwin, and Fujita® and by Baldwin.‘ The problem has been treated 
with special reference to density gradient centrifugation in aqueous salt 
solutions by Hearst and Vinograd. The pressure affects both the density 
and the density gradient. The change in density has an effect only on the 
absolute position of the polymer band and thus on the estimated partial 
specific volume of the polymer. As will be shown below, this is of no im- 
portance in the present investigation. The change in density gradient 
affects the absolute value of the molecular weights derived from the data, 
but has no effect on the determination of the molecular weight distribution. 


EQUILIBRIUM IN THE ABSENCE OF POLYMER 


In view of the need for numerical estimates in the section on concentra- 
tion effects, a brief discussion of the compositional distribution of the sol- 
vent mixture will be given on the basis of the following simple expression 
for the Gibbs free energy of mixing, 


G = RT(m In do + m In 61); bo + oi = 1 (3) 


Here n, is the number of moles of component k and ¢; its volume fraction. 
Equation (3) is valid for so-called “perfect” solutions,’ in which the two 
components have equal molar volumes (i.e., volume fraction = mole 
fraction) and mix with zero volume change and zero heat of mixing. This 
will, as a rule, be no more than a crude approximation which, however, 
suffices to calculate the order of magnitude of the density gradient. Using 
eq. (2) with s = 1, it follows from eqs. (1) and (3) that 


do,/dr = 2Brdodr 
B — w?(M, ‘p1) (ps —_ po) /2RT 
Integration gives 
oi/do = a exp| Br?} 


where the integration constant a is determined by the condition that the 
integral of ¢; over the volume of the cell is equal to the initial volume frac- 
tion ¢,'" times the cell volume. In a sector-shaped cell which extends from 
r= Ator = B, this gives 


Ua = exp| 8(B? <<) 2)g,i") s 
U = exp( BB} — exp|6B;"" + BA} 
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By way of example, a mixture of benzene and bromoform is considered. 
At room temperature it is found from eq. (5) that 8 is about 3.5 K 10~%w? 
¢.g.s. units, which means that d¢i/¢idr is 7 X 10~%w?r. Further, since 
pi — po is of the order of unity (g./ml.), the density gradient dp/dr will, 
numerically, be of the same order of magnitude as d¢,/dr. When the 
angular velocity w is changed, a rearrangement of the two solvents in the 
cell will occur. It can be shown, however, on the basis of the eqs. (4-6) that 
the product ¢o¢; at the center of the cell changes comparatively little, so 
that d¢,/dr and dp/dr are approximately proportional to w*. This is true 
also when pressure effects are taken into account. 


POLYMER DISTRIBUTION IN THE ABSENCE OF 
CONCENTRATION EFFECTS 
The chemical potentials y, will be considered as functions of the s volume 
fraction ¢i¢....¢;. At the limit of zero polymer content, uw, for k > 1 be- 
comes equal to R7' In ¢, and it follows therefore that the limiting form of 
the eqs (1) for zero polymer content is® 


Mw?r(1 = d,p")dr = (Ops 0¢1)°d¢1 
M w*r(1 — djp*)dr = (Op;/0d:)"ddi + (RT/¢;)dd; (7 > 1) 


where the superscript ° denotes “‘zero polymer concentration.”’ [liminat- 
ing d¢,/dr, 

dd,./ db. = (wr ‘RT)M,Z,dr (7) 

Ze = 1 — dep — Teve(l — vip") (8) 

Deve = (M/A) /(Opx/OG1)°/ (Op /OG1)° (9) 


The magnitude of y, depends on the thermodynamics of the system. It 
follows from the Flory-Huggins theory of polymer solutions, however, that 
for a given type of polymer molecule, y, is independent of J/,. This can 
be shown by using the expression 


G ‘RT == doen lndy + (1 QV YD jxniPid) (kj = Oto 8) 


for the Gibbs free energy G, which is a straightforward extension of the 
Flory-Huggins equation to systems containing more than two components, 
V being the total volume and x,,; the interaction parameter for segments of 
component k with segments of component j. ‘This leads to 

(Qu,/O1)° = RTM Ao, [1/Modo — 1/Midi + x01(Gr® — G0°) + xe — xox] 
Although the equation for G which has been used here cannot be considered 
as more than a reasonably good approximation, it is safe to conclude that 
, Will be nearly independent of 1/7; in most polymer solutions. 

Equation (8) may be interpreted as meaning that the polymer component 
k has an “apparent” partial specific volume 


act” = oll + (re/0°)(1 — 06") (10) 
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In terms of a simple physical model: y; is a measure for the tendency of 
component 0: to be preferentially absorbed by component k, thus changing 
its effective density. Unless the two solvents 0 and 1 have nearly the same 
solvent power for the polymer, this preferential absorption is quite pro- 
nounced, and it follows that the position of the polymer band (near Z, = 0) 
is not a reliable measure for the partial specific volume of the polymer. 
lor this reason the exact knowledge of the density p® in general and of the 
effect of the pressure on p® in particular is not of great practical importance 
unless the preferential absorption itself is being studied. One might argue 
that a Flory-Huggins type expression for G on which we based the as- 
sumption that @,*”” is independent of J/, is not very adequate to describe 
preferential absorption, especially when this preferential absorption is due 
to some kind of rather specific interaction. However, even in this case it is 
reasonable to assume that the result will be an apparent partial specific 
volume that is independent of the molecular weight because all parts of the 
polymer molecule will be affected equally. 

The dependence of @,"”? on +; sets severe limitations to the quantitative 
analysis of a mixture in which the polymers differ in chemical composition. 
This will be the subject of a later paper. In a polymer-homologous mix- 
ture, however, 3°”? is nearly independent of k provided the molecular 
weights are sufficiently large to neglect endgroup effects. " 

If ro is the position where Z, is zero, and if rZ, is expanded in powers of 


r=r—M% (11) 

retaining only the first power, one finds 
dd,/d, = —2\M,adx (12) 
A = (w'ro/2RT)d(pa*””) /dr (13) 


This takes into account the effect of the pressure on the density gradient 
and the possible effect of solvent composition on @*?”. In other words, it 
is not necessary to assume that 3°”? of the polymer is constant throughout 
the polymer band, provided its dependence on solvent composition and 
pressure is not so large that it necessitates the introduction: of higher order 
terms in the expansion in powers of x. It will be clear however, that the 
absolute value of \ is not known with great accuracy, which means that the 
absolute value of the molecular weights derived from the data is only ap- 
proximate. It is noted further that \ increases with angular speed as w? 
times the density gradient, i.e.,—approximately—as w*. 
The integration of eq. (12) gives 


d; = ti (AM, ‘ary i exp (—AM,2?), (14) 


where f, is determined by the requirement that the integration of ¢, over x 
from —o to +o gives the cell volume times the initial volume fraction 
¢'". Inasector-shaped cell extending from r = A tor = B this means 


(B? — A*)¢,'" = 2Rf, 
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where PF is the distance from the polymer band to the center of rotation and 
is treated as a constant throughout the band. In connection with numer- 
ical estimates to be made later, it is observed that in present-day studies 
B — A is usually of the order of 1 cm., which means that f; is, numerically, 
of the same order of magnitude as ¢;,'". 

In a polymer-homologous mixture, 7» and \ are the same for all polymer 
species. Then, if 

2R(B? — A*)—'f(M)dM 


is the initial volume fraction of the polymer with molecular weight between 
M and M + dM, the total volume fraction in the band will be 
o(x) = (A/m)'” Sf,” dMM'"f(M) exp | —\M2x?} (15) 
If one substitutes Ax? = p and (2/d)'“¢(x) = ¥(p), this becomes 
v(p) = fo°dM M'"f(M) exp | —pM} (16) 


which shows that y is the Laplace transform of M'“f(1/), a result that may 

be used to determine f(/). If one prefers to characterize the molecular 
weight distribution by means of moments, this can be done as follows, 

, dzz—**6(x) = V/om— "IT ( 1/, — s)Ag (17) 

A, = J, dMM'*f(A1) (18) 

This is valid for any value of s for which the integrals involved show the 

convergence needed to allow interchange of the order of integration. Since 

¢(x) is not zero at x = 0, it is clear that the integral on the left hand side 

of eq. (17) will converge only when s < '/2._ The lowest value of s for which 


the integral (18) converges depends on the behavior of f(J/) at M = 0. 
For the special values s = 0 and s = 1, eq. (17) was derived already by 
Meselson, Stahl, and Vinograd,? who derived an expression also for Ai: 

Ai = (1/A) Jo” dag/x (19) 


g(x) = —do/dx 
Average molecular weights are defined by 

(M), — A, Ax 1 (20) 
In particular, the number average J/,, is equal to (1/7)) and the weight aver- 
age M,,to(M),. If Schlieren optics are used, one measures g(x) rather than 
¢(x), in which case it is more convenient to reduce the integrals by partial 
integration : 

(1 — 2s)MT(1/, — s)A, = 24? f,° drx!—**g(zx) (21) 
which shows, also, that eq. (19) is a special case of eq. (17). Two other 
moments that are of some practical interest because of the simplicity of the 
relation with ¢(x) are A.,, and As,, 


Ai, = (w/d)'“9(0); 2A As, = (4/d)'7(G/2)z a0 (22) 
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In other words, A,,, is related to the slope of —g = d@/dx at the origin z 

0.'' Higher order moments could in principle be derived from higher 
order derivatives of ¢ at x = 0, but the accuracy of the results in practical 
applications becomes less and less reliable as the order is increased. Con- 
versely, the lower order moments such as A_; become inaccurate because 
they depend strongly on the behavior of ¢(«) at large values of z. 


FINITE POLYMER CONCENTRATION 







To estimate the effect of polymer concentration, the following simple 
expression for the Gibbs free energy is postulated : 








s 


G/RT = >> mind, + K(nm + m)o (23) 


k=0 





¢ = Do 


k 





Equation (23) is a Flory-Huggins type expression. Its simple form implies 
that interaction between the components 0 and 1 need not be considered 
and that the mixture of 0 and 1 is treated as a sitigle solvent as far as inter- 
action with the polymer is concerned. This is why only one interaction 
parameter K appears. The assumption that K has the same value for all 
the polymer species is in keeping with the concept of polymer-homologous 
mixture. As a consequence of the fact that the two components 0 and 1 are 
treated as equally good solvents for the polymer, there is no preferential 
absorption [see the second of eqs. (24)]. This does not mean that eq. (23) 
is useless when one of the solvents is preferentially absorbed by the polymer 
but the interpretation given to this is, essentially, that the process of poly- 












mer dissolution is considered as a two-step process. In the first step the 
polymer is “solvated,” and the free energy of mixing in this step is not 
described by eq. (23). In the second step the solvated polymer is diluted, 
and the free energy of dilution is determined with reasonable accuracy by 
eq. (23), provided one inserts the volume fraction of the solvated polymer, 
not that of the dry one. It is clear that under these conditions the deriv- 
ative Ou/O¢, derived from eq. (23) has no relation to the parameter y in 
eqs. (8) and (9). Admittedly, our starting point, eq. (23) and the con- 
siderations following this equation are only approximate. It is not our 
aim, however, to derive rigorous equations, but rather to develop an ade- 











quate procedure to extrapolate experimental results to zero polymer con- 





centration. 
If the approximation is made that the solvent mixture may be treated as 
AM ,a,) it follows from eq. (23) that 









a perfect solution (i.e., A/a) = 
















O11 / Od) RT/¢: Ou;,/O¢o; = O (k> 1) (24) 
Op, /Od, RT(1 — 1/p, + 2K¢) (k> 1) 25) 


Op, /0b; = RT,;/d + RTp, [1 — 1/p, — 2K(1 — ¢)) (kj> 1) (26) 
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where 6,; = 1 when k = j and zero when k # j. Use has been made of the 
parameters 


Dp = Ma, Mia, (27) 


and of the number average /, (in the polymer) : 
Pn i ox/ Pi = (28) 
k=2 


For high molecular weights and low concentrations, eqs. (25) and (26) 


may be simplified to 


Ou, /0d, = RT (k > 1) (29) 
Ou, /0b; = RT6,;/b, + RT(L — 2K)p, (k,j > 1) (30) 
and the eqs. (1) become 
(w’r/RT)M\(1 — aiip)dr = ddi/di + dod (31) 
(w’r/RT)M,(1 — dp)dr = dd,/d, + (1 — 2K) p.de (32) 


On the basis of eq. (2) it is clear that the effect of the polymer concentra- 
tion on the density p in the lefthand side of eqs. (31) and (32) is of the same 
order of magnitude as ¢ itself. lor low concentrations this is small. Ac- 
cording to eq. (31), the effect which the polymer has on the gradient of the 
solvent composition is determined by the ratio ¢:(d¢/d¢,). Now it was 
shown before that 


dd, ‘pidr > 7 x 10 ow? 


The order of magnitude of d¢/dr is estimated from eq. (15), from which it 
follows that 


do/dr & x(\M)*?f & x(\M)"9" 


In view of the fact that in a 1-cm. cell the polymer is usually collected in a 
band with a width of less than 4 mm., we take x & 0.2 and AAJ = 25. In 
view of eq. (13), and remembering that dp/dr is of the same order of mag- 
nitude as d@,/dr, it is found that 


r & 2 x 10 9h) (wr)? 


The largest possible value of ¢o¢; is 0.25, but in practice it may be smaller. 
For an estimate we take god; = 0.1. If AJ is to remain of the order of 25 
or larger, w?r will be the smaller, the larger 1/._ For example, when J/ is 
of the order of 10°, w?r is 108 and the ratio ¢;(d¢/dd,) becomes of the order 
of 50¢'". This means that. the relative effect of the polymer concentration 
on the gradient of the solvent composition is of the order of 5% when ¢"" is 
of the order of 0.1%. For larger molecular weights the effect becomes 
larger. Fortunately, the actual error made in the evaluation of the data is 
considerably less. This is due to the fact that the effect of the polymer is 
the result of the replacement of solvent molecules by polymer molecules. 
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This results in a change in refractive index @Av, if Av is the excess refrac- 
tivity of the polymer. In a polymer-homologous mixture, Ay is inde- 
pendent of molecular weight and, to a good approximation, Ay will be 
independent also of the position x. Under these conditions the contribu- 
tion of the solvent mixture to the refractive index is changed by an amount 
that is proportional to ¢, so that no error is introduced at all. However, 
Ay is not rigorously constant throughout the polymer band because the 
solvent composition and hence the extent of the preferential absorption by 
the polymer is not quite constant. In other words, the relative proportions 
in which the solvents 0 and | are replaced by polymer segments is not quite 
independent of the position x. This will result in a small error, but this 
error exists only to the extent that Ay varies over the polymer band and is 
therefore of a lower order of magnitude. The effect will therefore not 
result in any serious difficulties in the extrapolation to zero polymer concen- 
tration. 

The next step is to consider the effect of polymer interaction on the 
distribution of the polymer itself. This is determined by the term (1 — 
2K)p,d@ in eq. (32) and will in general be large because the factor p; is a 
large number. However, the factor 1 — 2K can be made small by working 
under conditions that are close to so-called theta conditions (K = 1/2). 

If, like before, the left-hand side of eq. (32) is expanded in powers of 2, it 


is found that 
(1/¢,)(do,/dx) + 2\Myx = —(1 — 2K)p,(d¢/dz) (33) 


In solving this, the right-hand side will be treated as a perturbation term. 
temembering that the order of magnitude of p, is that of the degree of 
polymerization of component k, which is usually of the order of J/7,/100, 
and observing that the zero order solution of eq. (33) is given by eq. (14), it 
follows that the relative correction ¢ which is introduced by the right-hand 


side of eq. (33) is 


¢ = (1 — 2K)(M/100)(AM/n)'“9" 


Inserting \M/ & 25, this gives ¢ Y 3 XK 10°(1 — 2K)¢'" when M = 105 and 
ten times as much when J = 108. Consequently, for the correction to be 


small, ¢'" must be very low or else K quite close to '/». 

In the integration of eq. (33), summations over k are replaced by integrals 
over JJ. Inserting the zero order solution, eq. (14), in the right-hand side 
of eq. (33), 
oy(x) = Ay exp ; —\Mx?} —puMw(M) 7.” dNw(N) exp +—r(N + M)x?} 

w(M) = (AM/m)'*f(M) (35) 


The integration constant A, is determined by the condition that integra- 
tion of dy, over x yields f(M/): 
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Ay = (AM/nx)'“f(M) xX 
[1 + w(AM3/m)'* f,° dNN'?(N + M)-“f(N)]_ (36) 
The total polymer concentration is found by integrating ¢, over M/, 
¢(x) = f° dMAy exp | —\ Mx} — pX 1X3 (37) 
X, = (A/n)'? fy? dMM'*f(M) exp | —\M2?! (38) 


Equation (37) may be used to obtain the effect of the polymer concentra- 
tion on the moments considered in eqs. (17) and (21). This will be illus- 
trated for the moments A_;Ao, and A;. To write the results in a convenient 
form, the following double integrals are introduced: 


L(s,t) = w(d/m)"? Sf,” duut!2f(u) fp? dov'*(u + v)—"/2f(v) (39) 


Since these integrals contain the function f twice, they are proportional to 
the square of the concentration. Abbreviating 


—dd/dx = g(x) (40) 


as before, one obtains the following results (the first of which has already 
been used to determine A y,): 


2 J,” dxo = 2 J,” dxxg = So” dMf(M) = Ao (41) 


AN J,” dxx’d = (40/3) J,” drz¥g = 
A_*?? = A_, + L(1,1) — L(3,3) (42) 


(1/A) i dxg/x = A;*?? = Ay + L(5,1) — L(3,—1) (43) 


Here Ao may be identified with the initial polymer concentration c, in which 
case A~; = c/M,, and A; = cM,. Further, it is obvious ‘from eq. (39) that 
L(1,1) and L(3,3) are proportional to u(AM/)'“*c? while L(5,1) add L(3,—1) 
are proportional to u(AM®)'*c,2 where M is an average molecular weight. 
The numerical values of the L’s depend on the molecular weight distribu- 
tion.'2 It follows from the definition of L(s,t) that L(1,1) > L(3,3) 
but L(5,1) < L(3,-—1). This is because L(1,1) — L(3,3) is the double in- 
tegral over f(u)f(v)u'v'*(u + v)—” while L(3,—-1) — L(5,1) is the 
double integral over f(u)f(v)u'v'"(u + v)—'”. It is obvious, therefore, 
that the integrals over xg, x*g, and g/x in eqs. (41-43) will lead to appar- 
ent molecular weights: 


1/M,°P? = A_s*PP/Ao = (1/M,)(1 + B,c) (44) 
M,,°”? = Ay’P?/Ao = M,(1 — B,c) (45) 


where B,, and B,, are both positive and proportional to uri". Since dr 
increases nearly as w‘, B,, and B, are closely proportional to w?. For most 
molecular weight distributions, B, > B,. It can be shown for example 
that this is true for distributions of the type 


t(M) = cq?M*~ exp | —qM}/T(p) (46) 
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where p and q are constants. Under these circumstances (7 ,,/47,,)*"” will 
be smaller than J/,,/.1/,,. 

Since A_;"?" is affected strongly by the behavior of g(x) at large values of 
x, it may sometimes be of advantage to consider other moments. This 
can be done on the basis of either eq. (17) or eq. (21) in which case one may 
expect that for low concentrations c, the ratio A,*””/ Ay is a linear function of 
c. This ratio will then be proportional to the s-th power of an average 
molecular weight (m), defined as follows 


(m)° Jo” aMf(M) = S.° aM M'f(M) (47) 
This may be useful, for example, in a comparison with viscosity data when 


the exponent s in the equation [yn] = AJ/* is known. 


EXPERIMENTAL PART 


Introduction 


The instrument used was a Spinco analytical centrifuge, in which the 
distance from the middle of the cell to the center of rotation was 65 mm. 
and the distance from the meniscus to the bottom of the cell about 12 mm. 





m b 





Fig. 1. Schematic representation of Schlieren diagram; m represents the meniscus and 
b the bottom of the cell. 


Schlieren optics (Philpot Svensson) was used throughout, which means that 
the quantity read from the diagram was the refractive index gradient. In 
those cases in which the image fell outside the field of vision, a compensating 
wedge-shaped window was applied (in extreme cases the light source was 
moved slightly in a direction perpendicular to the optical axis) to bring the 
image back into view. 

The picture obtained is of the type shown schematically in Figure 1. 
The base line (dotted curve) represents the refractive index gradient due 
to the solvent mixture. It has to be determined by interpolation from the 
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base lines on either side of the polymer band, and it is clear that this may 
introduce considerable errors, especially when the base line is curved. The 
curve above and below the base line has been taken as the function g(x) 
defined in the theoretical part. Its absolute value is unimportant for the 
present purpose. Likewise, the units in which x is expressed play no role 
in the final results. Since g(x) = —g(—x2), the integrals in eqs. (19), (21), 
(41), (42), and (43) may be replaced by integrals over x from — © to 0, i.e. 
the integration over the left half of the curve should give the same result as 
that over the other half. 

When extrapolation to zero polymer concentration is required, it is 
convenient to always use not only the same solvent mixture but also the 
same centrifugal speed and the same amount of liquid, since otherwise a 
correction would have to be made for a change in density gradient and this 
correction can only be estimated. The absolute value of the density 
gradient has not been determined. Whenever an estimate is desired, it will 
be made on the basis of eqs. (4-6). 


Materials used 


Benzene, reagent grade (ACS), Allied Chemical, General Chemical 
Division. 

Bromoform, purified, reagent grade, J. T. Baker Chemical Co. 

Carbon tetrachloride, reagent grade (ACS), Allied Chemical, General 
Chemical Division. 

Cyclohexanol, white label, Eastman Organic Chemicals, Division of 
Eastman Kodak. 


Polymers 


C1 was a polystyrene sample kindly put at our disposal by D. Braun, 
Deutsches Kunststoff Inst., Darmstadt, Germany. It was made by 
removing the iodine from a styrene-iodostyrene copolymer,'* which was 
prepared by radical induced copolymerization; degree of conversion 13%. 
The ratio M,/M, may therefore be estimated at a value between 1.5 and 2. 
The intrinsic viscosity in toluene at 25°C. was 80.1 ml./g. According to 
Meyerhoff’s calibration curve," this means that the molecular weight was 
about 3 X 10°. It is anticipated that a more systematic density gradient 
centrifugation study of this type of polymer, and a comparison with the 
original copolymer, will be reported later. The present work goes no 
further than to compare the experimental J/,, and J/,. with the estimated 
values. 

C2 was a stereoregular polystyrene made available by Q. A. Trementozzi, 
Monsanto Chemical Co., Springfield, Mass. It was prepared by means 
of a transition metal type catalyst and contained about 2% atactic material 
(from solubility in hot MEK). The viscosity average molecular weight 
was about 2 X 10° and the molecular weight distribution was doubtless 
quite broad. 



















172 J. J. WERMANS AND IL. A. ENDE 


C3 was fraction nr 16 described by Merz and Raetz® and was likewise 
put at our disposal by Trementozzi. Molecular weight about 600,000; 
M,/M, between 1.3 and 1.5. 


Measurements in benzene-bromoform 


(1) Sample C1 was dissolved in benzene which contained 0.40 g. bromo- 
form/ml. mixture. Initial polymer concentration 2.5 g./l., temperature 
25°C., centrifugal speed 42,000 r.p.m. The values of A_.,A.,, and As), 
were derived according to eqs. (21) and (22), estimating the value of \ on 
the basis of eqs. (4-6). From these moments, (J/),,, and (J/);,, were derived 
(eq. 20), and it was found that the results derived from the left-hand side 
of the curve differed less than 5° from those derived from the right-hand 
side. ./, and J/,, may be estimated on the assumption that the molecular 
weight distribution was of the type shown in eq. (46), since in this case it 









follows that 


M, = (3/2)(M),,, — (1/2)(M):,, and M, = (1/2)(M),,, + (1/2)()s s 









This led to /7,, = 260,000 and J/,, = 180,000, thus J1/,./17, = 0.70. This 
discrepancy is not removed when other molecular weight distributions are 






assumed. lor example, the so-called ‘‘log normal distribution” 


f(D) = KM* exp [—a(log M/M,)?| (48) 







where a, JJ) and y are constants, requires that 


M2 = (M).{M):,, and M,(M)s;, = (M)./3 










which leads to a value 0.64 for J7,,./A7,, 

(2) Sample C2 was centrifuged at 25,000 r.p.m. at 25°C. A/, and J/, 
were evaluated directly on the basis of eqs. (19), (20), and (21). The 
results obtained for J/,,/4/,, varied from 0.7 to 1.2 depending on the initial 
concentration. In this case the results were different for the different 
halves of the curve. This may be due to inaccuracy in the base line, but. 
part of it may be due to a real dissymmetry resulting from the atactic poly- 
mer present in the sample. This has a lower apparent density'® and col- 
lects! in the region — © <2<0. However this may be, the ratio J/,,/1/,, 











is much smaller than expected. 






Measurements under theta conditions 










The theta temperature for a given solvent mixture was determined by 
dissolving | g. polystyrene /liter and lowering the temperature until separa- 





tion into layers took place. This was done for a series of six polymers with 
molecular weights ranging from 74,000—1,200,000. A plot of the precipita- 
tion temperature versus 1/~—' gave a straight line, the intercept of which 








with the temperature axis was considered to be the theta temperature. "” 






Among the many theta solvents for polystyrene,'* cyclohexane was taken 
as a first choice. It has a theta temperature of 34°C. which on addition 
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of 0.3 respectively 0.5 g. bromoform/ml. mixture is reduced to 20°C. and 
less than 0°C., respectively. However, this system was abandoned when it 
was found that the apparent partial specific volume of the polymer, as a 
result of preferential absorption of bromoform, was quite small, so that a 
very high bromoform concentration would be needed to obtain a polymer 
band in the neighborhood of the cell center. A similar result was obtained 
when adding bromoform to methyl cyclohexane which has a theta temper- 
ature for polystyrene of about 70°C. On the basis of a partial specific 
volume @ = 0.91 ml./g., as calculated from the benzene-bromoform ratio 
needed to collect the polystyrene at the cell center, it was estimated that 
0.44 g./ml. bromoform would be needed in the eyclohexane. This reduced 
the theta temperature to about —4°C. It was found experimentally, how- 
ever, that as much as 1.4 g. bromoform/ml. mixture was required. This 
means that 3°”? of the polymer in this mixture is as low as 0.53, demon- 
strating a very pronounced preferential absorption of the bromoform by 
the polymer. 

Much the same trend was observed in the system cyclohexanol-bromo- 
form, and it was finally decided to use a mixture of cyclohexanol and carbon 
tetrachloride. The composition needed was found to be 0.875 g. CCl, ml. 
mixture (#°?? = 0.77) and this mixture had a theta temperature for poly- 
styrene of about 8°C. A great advantage of this system is that the two 
solvents have nearly the same refractive index, which results in an almost 
horizontal base line in the Schlieren diagram and, consequently, a smaller 
error in the estimated position of this line under the polymer band. A 
serious disadvantage of the system lies in the high viscosity of cyclohexanol 
(68 centipoise as compared to only 0.4 centipoise for benzene). As a result, 
the time needed to establish equilibrium in the centrifuge is very long. 

Sample C3 was investigated in this mixture at 8°C. and 50,740 r.p.m. 
The values of (2\17,°?")-! and 2\J/,,"?? were calculated, and the results 
are shown in Figure 2, in which each point is the average of the two values 


254— «1073 = 


AM 


j2 





Fig. 2. (2\M,*®?P)~! and 2\M,8°» for polystyrene C; in a mixture of cyclohexanol and 
carbon tetrachloride at 8°C., as a function of the initial polymer concentration c(g./liter). 
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derived from the two halves of the curve. This figure confirms that the 
slope of 1/4/7,""" vs. ¢ is positive while that of J7,"”? vs. ¢ is negative, as 
predicted by theory. The ratio 1.4 for M/,,/M/, agrees well with the one 
expected from other data for this sample. However, the value of M7, is 
not very certain because there is considerable scatter about the straightline 
in Figure 2. As explained in the theoretical part, this is due to the fact that 
the evaluation of A_, is very sensitive to the tail of g(x) at large values of 
x}. Since a lower moment of g(x) is less sensitive to errors in the curve, 
the apparent values of (m)_.,, and (m),,, defined by eq. (47) were evaluated 
from the integrals over x°g(x), xg(x) and g(x) and extrapolated to zero c. 
Assuming a molecular weight distribution, for example eq. (46), or eq. (48), 
it is possible to calculate M/,,/M, from these data. This confirmed the 
value 1.4 for this ratio. However, there is some scatter also in the curves 
of (m)1/"?” and (m).),"”” vs. c, and the resulting uncertainty in the extrap- 
olated values gives rise to an uncertainty in M/,,/M, which is about as large 
as that demonstrated by Figure 2. 


CONCLUSION 


The effect of the polymer concentration on the apparent molecular 
weight averages appears to be in agreement with the theoretical predictions, 
and the results obtained under theta conditions are in line with the expected 
values. More systematic studies in good solvents are under way to find 
out how essential theta conditions are for the extrapolation procedure. To 
make further progress in this field, it will be desirable to introduce certain 
experimental refinements. The determination of the base line can be 
improved upon, for example, by using simultaneously two cells, one of 
which is filled with the solvent mixture without any polymer. The 
Schlieren picture will then show both the polymer band and the complete 
base line. The use of a double sector cell will make it possible to use inter- 
ference optics rather than Schlieren optics, so that instead of g(x) one ob- 
tains d(x). Since the moments of ¢(x7) to be evaluated are of lower order 
than those of g(x), the results will be less sensitive to the tails of the distri- 
bution at large values of lz|. ' These techniques are presently being ex- 
amined. 

The authors are indebted to J. O. Threlkeld for technical assistance and to L. H. 


Peebles for helpful suggestions, 
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Synopsis 


The position ry at which a polymer tends to collect when centrifuged in a mixture of 
two solvents depends on its apparent partial specific volume, which may be affected to a 
considerable extent by preferential absorption of one of the solvents. However, if the 
Flory-Huggins theory of polymer solutions is applicable, the apparent partial specific 
volume of a given type of polymer is independent of its molecular weight. On this basis 
it is found that in an ideal solution of a polymer-homologous mixture the polymer dis- 


tributes itself over a band in which the concentration as a function of (7 — 79)? is the 
Laplace transform of M'/:f(M), where f(/) is the volume fraction with molecular weight 
M in the initial solution. The moments of the distribution over r — rp are related to 


the moments of the molecuiar weight distribution in the sample. The effect of finite 
polymer concentration is discussed on the basis of a simple Flory-Huggins type expression 
for the Gibbs free energy. This leads to the prediction that the effeet of the polymer 
on the composition gradient in the solvent mixture will in general cause no serious diffi- 
culties in the extrapolation to infinite dilution. The effect of the concentration on the 
distribution of the polymer itself will as a rule be quite large but may be reduced by 
working under theta conditions. It is found that the application of the method of 
moments leads to apparent values for 1/M, and M,, which, for low concentrations ¢ 
are linear in c: 


1/M,2°° = (1/M,)(1 + Bac); M,*? = M,(1 — B,c) 


where both B, and B, are positive and are proportional to M‘/*. Their numerical value 
depends on the molecular weight distribution but for most distributions B,, > B, so that 
(M,,/M,)°P? < M,/M,. Applications to molecular weight averages other than J/, 
and M,, are indicated. The experimental data are in agreement with the theoretical 
predictions. The application of the method of moments to polystyrene in a mixture of 
benzene and bromoform leads to apparent M/,,/M, values that are considerably lower 
than the real ones. In a mixture of cyclohexanol and carbon tetrachloride, however, 
1/M,*PP and M,,®°? are linear functions of c and the extrapolated values lead to the cor- 
rect ratio M,/M,. Itis observed, further, that in a mixture of a good and a poor solvent 
the apparent density of the polymer is strongly affected by the preferential absorption 
of the good solvent by the polymer. 
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Résumé 


La position ro 4 laquelle un polymére tend a s’ammaser lorsqu’il est. centrifugé dans 
un mélange de 2 solvants dépend de son volume spécifique partiel apparent, qui peut 
étre affecté dans de notables proportions par l’absorption préférentielle de l’un des 2 


solvants. Cependant, si la théorie des solutions de polymére de Flory-Huggins est 






applicable, le volume spécifique partiel apparent d’un type donné de polymére est 






indépendant de son poids moléculaire. Sur cette base, on a trouvé que dans une solu- 






tion idéale d’un mélange de polyméres homologues, le polymére distribue se. sur un 






domaine dans lequel la concentration en tant que fonction de (r — ro)? est le trans- 






formé de Laplace de M’*f(.M/) ot f(.17) est la fraction de volume pour un poids molécu- 





laire ./ dans la solution initiale. Les moments de la distribution sur r — 7) sont mis en 





relation avec les moments de la distribution du poids moléculaire dans ]’échantillon. 





L’effet de la concentration finie en polymére est dicuté sur la base d’une simple expression 






du type Flory-Huggins pour I’énergie libre de Gibbs. Ceci conduit A prédire que l’effet 






du polymére sur le gradient de composition dans le mélange de solvants ne déterminera 






en général aucune difficulté sérieuse dans l’extrapolation 4 dilution infinie. L’effet de la 






concentration sur la distribution du polymére lui-méme sera quasi une rdgle générale 






mais peut étre diminué en travaillant dans des conditions théta. On a trouvé que 






l'application de la méthode des moments conduit 4 des valeurs apparentes pour 1/1, 





et M,, qui, pour de basses concentrations c, sont linéaires en fonction de c: 






1/A/,,9"P (1/M,,)(1 + $C); M,,2"P MA er Bc) 









ot B, et B, sont & la fois positifs en proportionnels A M*/?. Leur valeur numérique 
dépend de la distribution du poids moléculaire, mais pour la plupart des distributions 





B,, > B, de sorte que (M,,/M,,)»»? < M,/M,. Des applications 4 des moyennes de poids 






moléculaire autres que M, et M1, sont aussi indiquées. Les données expérimentales 






sont en accord avec les prévisions théoriques. L’application de la méthode des moments 






au polystyrene dans un mélange de benzene et de bromoforme conduit 4 des valeurs 






apparentes de M,,/M, qui sont considérablement plus faibles que les valeurs réelles. 






Cependant dans un mélange de evclohexanol et de tétrachlorure de carbone, 1/7 ,,*»” et 






17,2? sont des fonctions linéaires de c et les valeurs extrapolées conduisent au rapport 





correct M,,/M,. On a observé de plus, que dans un mélange d’un bon solvant et d’un 






pauvre solvant, la densité apparente du polymére est fortement affectée par l’absorption 






préférentie!le du bon solvant par le polymére. 






Zusammenfassung 










Die Stelle ro an welcher sich ein Polymeres ansammelt, wenn es in einer Mischung 
zweier Losungsmittel zentrifugiert wird, ist durch sein scheinbares partielles spezifisches 
Volumen bedingt. Dieses kann sehr stark von der bevorzugten Absorption eines der 
beiden Lésungsmittel an das Polymere abhiingen. Bei Giiltigkeit der Flory-Huggins’ 






schen Theorie der Polymerlésungen ist das scheinbare partielle spezifische Volumen 





jedoch vom Molekulargewicht unabhingig. Auf dieser Grundlage wird gefunden, dass 
sich das Polymere in einer idealen Lésung einer polymer-homologen Mischung iiber eine 
Bande verteilt, in welcher die Konzentration als Funktion von (r — ro)? eine Laplace 
Transformation von M'‘/*f(M) ist; f(M/) ist der Volumenbruch des Anteils mit dem 
Molekulargewicht ./ in der urspriinglichen Lésung. Die Momente der Verteilung iiber 
r — ro stehen in Beziehung zu den Momenten der Molekulargewichtsverteilung im 
Polymeren. Der Einfluss einer endlichen Polymerkonzentration wird auf der Basis eines 











einfachen Ausdruckes fiir die Gibbs’sche freie Energie vom Flory-Huggins Typ dis- 
kutiert. Das fiihrt zu der Voraussage, dass der Einfluss der Polymeren auf den Zu- 






sammensetzungsgradienten im Lésungsmittelgemisch im allgemeinen keine ernsthaften 






Schwierigkeiten bei der Extrapolation nach unendlicher Verdiinnung bereitet. Der 






Konzentrationseinfluss auf die Polymerverteilung selbst wird in der Regel ziemlich 
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gross sein. Er kann jedoch reduziert werden, wenn man unter ‘“Thetabedingungen”’ 
arbeitet. Es wird gefunden, dass bei Anwendung der Momentmethode scheinbare 
Werte fiir 1/4, und M,, gefunden werden die bei niedrigen Konzentrationen linear von 


c abhiingen: 
1/M,2°» = (1/M,)(1 + Brac); M2" M,(1 — Bye) 


B, und By sind positiv und proportional 1/°*. Thre numerischen Werte hingen von 
der Molekulargewichtsverteilung ab; fiir die meisten Verteilungen ist aber B, > B,, so 
dass (M,/M,)9»» < M,/M,. Auf die Méglichkeit zur Bestimmung von anderen Mittel- 
werten als WV, und ,, fiir das Molekulargewicht wird hingewiesen. Die experimentellen 
Ergebnisse stimmen mit den theoretischen Voraussagen iiberein. Die Anwendung der 
Momentenmethode auf Polystyrol in einem Benzol-Bromoformgemisch fiihrt zu schein- 
baren M],./M,-Werten, die betriichtlich niedriger legen als zu erwarten. In einer 
Cyclohexanol-Tetrachlorkohlenstoff-Mischung sind 1/.7,*»? und /,,*»P jedoch lineare 
Funktionen von ¢ und die extrapolierten Werte ergeben den korrekten Wert fiir 47,/1/,,. 
Schliesslich wurde beobachtet, dass die scheinbare Dichte eines Polymeren in einer 
Mischung eines guten und eines schlechten Lésungmittels sehr stark von der bevorzugten 
Absorption des guten Lésungsmittels durch das Polymere abhingt. 
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Density Gradient Centrifugation of a Mixture of 
Polymers Differing in Molecular Weight and | 


Specific Volume 


J.J. HERMANS, Chemstrand Research Center Inc., Research Triangle Park, 
Durham, North Carolina 


INTRODUCTION 


When a mixture of polymer species is in centrifugal equilibrium in a 
density gradient established by means of two low molecular weight sol- 
vents, each species will collect in a band around the point where its ap- 
parent partial specific volume is equal to the reciprocal of the local density. 
In many cases the different species collect in separate bands.! This has 
been observed, for example, with polymers differing in degree of branching 
or tacticity.'. In other cases, however, the bands overlap. This will be 
true in particular when there exists a continuous variation in chemical 
composition, such as often occurs in a copolymer. It is the purpose of the 
present article to investigate what can be learned from density gradient 
centrifugation of such mixtures. 

For the special case of uniform molecular weight, Baldwin? has shown 
that a Gaussian distribution over densities gives rise to a broadening of the 
polymer band without affecting its Gaussian character. His result will be 
confirmed by the more general treatment below. 


THEORY 


The components in the mixture will be indicated as 0,1...4..., and the 
subscripts 0 and 1 will refer to the low molecular weight solvents. The 
partial specific volumes will be denoted by & (4 = 0,1...). 

If interaction between the polymer molecules may be neglected, the 
equilibrium distribution of component k(k > 1) is determined by the dif- 
ferential equation?~§ 


dd, dy = (wr, RT)M,Z,dr (1) 

where 
a / vy; p” ” TrYn(1 _ v1 p") (2) 
Un Vk My/ M(Opp./ Od1)°/ (Op1/ OG1)° (3) 
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Here ¢, is the volume fraction, M, the molecular weight, u, the chemical 
potential of component k, « is the angular velocity, r the distance from the 


center of rotation, and p the density. 


= rr v; (4) 


The superscript 0 indicates that the equations are limiting equations for 
zero polymer content.*° The apparent partial specific volume of com- 







ponent k is defined by 










Dell + (ye/p°)(1 — a9") | (5) 









so that 





Z; 1 — p%,°?” (6) 








The component / collects in a band around the position 7, where Z;, = 
0. Although, in principle, @,°?? may assume slightly different values at 
different points in this band because it may depend somewhat on the sol- 
vent composition and the pressure,®* this will be neglected here. Let the 
apparent partial specific volumes be distributed around some average value 
#, the choice of which for the moment is unimportant. A polymer with 
apparent partial specific volume 3 would tend to collect at the position 7 
where p’ = p = 1/0. The parameter 




















5,2?” (7) 
determines how much r, will differ from 7. For the polymer to collect in a 
narrow band, it is necessary that the «,’s are small compared with @. It 
will be assumed that the band is sufficiently narrow to set 







Uy = 










p’ = p + O(r — F) (8) 
where 6 is constant, and that the relative change in p® from one end of the 
band to the other is small. This means that (r — 7)b is small compared 






with p for all points in the band, which is in keeping with the assumption 
that the w’s are small compared with @. 
If rZ, is expanded in powers of r — r;, and only the first power is retained, 













rZ, r(1 — p%,"??) = —br,b,°??(r — rx) (9) 












The assumption made regarding the magnitude of u,/% implies that eq. (9) 


may be replaced by 









rZ, F(1 — p%a,."??) = —bFo(7 — rx) (10) 





Likewise 






I p’v —ba(r — 7) (11) 





rom eqs. (7), (10) and (11) it follows that 


GRADIENT CENTRIFUGATION OF MIXTURE 


“uN = —t(rz — 7) t = bi/p° (12) 
where p® may be replaced by p. What has thus been established by these 
approximations is a linear relation between r;, and u%. Integrating eq. (1) 
with the value 10 for rZ; one gets 

dy = Sic AM, ‘ar) 1/2 exp [—AM,.(r = r,)?] (13) 
r—R=r—F —u,/r 
h = (w/2RT)bd (14) 
Here f; is determined by the condition that the integration of ¢, over r — 
r, from — © to + © gives the cell volume times the initial volume fraction 
¢, of componentk. This gives 


fe = Co,” (15) 


where C is approximately equal to the length of the cell.25 Now, what is 
measured in practice is the light absorption or the refractive index (or its 
gradient). An analysis is possible only when the contribution of each 
polymer species to absorption or refractive index is a known function of its 
molecular weight, apparent partial specific volume and volume fraction. 
In most cases, it will be a good approximation to assume that this contribu- 
tion is proportional to the volume fraction and independent of the molecular 
weight. For the moment it is assumed only that it is proportional to 
volume fraction, so that the total contribution at the point r is }>,s;,¢;(r) 
summed over all polymer species, on the understanding that s, is considered 
as a function of M/; and @,*?” 
M and u, the sum will be replaced by a double integral. Consequently, if 


(1/C)f(M ,u)dMdu 


, 1.e., of uz. For a continuous distribution over 


represents the initial volume fraction of polymer with molecular weight 
M and apparent partial specific volume 7 + u, the total contribution to 
light absorption or refractive index will be 


F(x) = (A/n)"? f,° dMM"? f2., du h(M,u) exp [—AM (x + u/r)?] (16) 


h(M,u) = s(M,u)f(M,u) (17) 
z=r-? (18) 


DISCUSSION 


(1) If the polymer molecules show a distribution over effective density 
but are uniform in molecular weight, eq. 16 becomes 


F(x) = (AM /nx)"/? =; du h(u) exp [—AM (x + u/r)?] (19) 


This can be solved for h(u) by means of Fourier transforms. Let G(z) be 
the Fourier transform of F(z), i.e., 
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G(z) = (24)-/? f°. dx F(x) exp (izz) (20) 


then it follows from eq. (16) that 


G(z) exp {z2/4AM} = (24)-/? f°, duh(u) exp { —izu, 7} (21) 


which means that h(u) is the Fourier transforms of G(7z) exp { r2z?/4\M r 
In the special case where F(a) is Gaussian, it is found that h(u) is Gaussian, 
and vice versa. This confirms Baldwin’s result mentioned in the introduc- 
tion. 

(2) In many cases it will be a good approximation to assume that 
h(M,u) is the product of two functions, one of which depends on M alone 
and the other on u alone: 

h(M,u) = g(M)j(u) 
In this case, g(./) is not necessarily identical with the molecular weight 
distribution, because g(J/) could conceivably include a dependence of s 
on M, although this is likely to be small. Now, let X(p) be the Laplace 
transform of M'/*g(M): 


X(p) = r(A/m)!? Jp? dM M'!°g(M) exp {—pM} 
and let X(Ap?) = e(p). Further u = cw and j(u) = J(w). Theneg. 16 


becomes 
F(x) = f2. dwJ(w)e(x + w) (23) 


This can be solved by means of Fourier transforms. If G(z) is the Fourier 
transform of F(x) and H(z) that of e(x), it follows that J(w) is the Fourier 
transform of G(z)/E(z). Consequently, if g(M/) and thus £(z) is known and 
F(x) has been measured (i.e., G is also known) one finds immediately 
J(w). Conversely, if J(w) is known and F(x) has been measured, F(z) 
follows and hence g(J/). 

(3) It has been explained elsewhere*® that the moments of the molecu- 
lar weight distribution in a polymer-homologous mixture can be derived 
from the total polymer concentration ¢(x). The appropriate relations 
were derived on the assumption that all the species in the polymer-homol- 
ogous mixture have the same effective density, so that they all tend to 
collect at the same position r, = ry and the total concentration becomes 


o(x) = (A/r)"? f,° dM M'2f(M) exp { —\Mz?} (e=r—r) (24) 


Under these circumstances, simple relations exist between the moments of 
f(\1) and the moments of ¢(x). For example,** 


S2. dex*o(x) = (1/22) o, @M f(M)/M (25) 
— f©. (dx/x)do/dx = 2 J,” dM Mf(M) (26) 


l'rom such moments one can derive expressions for the molecular weight 
averages. In particular, division of the results (25) and (26) by the in- 
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tegral over ¢(x) gives (2\M,)~—' and 2AM,, respectively. The question 
now arises, what role a density distribution in the polymer will play in 
these results. In other words, suppose one applied the method of moments 
to a polymer mixture on the assumption that the density is uniform. In 
reality this condition may not be rigourously fulfilled, for example because 
the sample contains molecules with different degrees of tacticity or different 
degrees of branching. One may ask whether this results in a lower or a 
higher apparent value of 1/,/M,. The answer to this question cannot be 
given unambiguously because it depends on the choice of # which, in its 
turn, determines the position 7. 

To explain this, it is observed, first of all, that the function F(x) in eq. 
(16) will in general not be an even function of x. This distinguishes F(x) 
from the function ¢(2) in eq. 24. The integrals from — © to + © in eqs. 
(25) and (26) are equal to twice the integrals® from 0 to ~, but in general 
this does not hold for F(x) in eq. (16). What can be shown generally is 
that the second moment of F(x) is increased by the variance in the density. 
For, if eq. (16) is multiplied by x? and integrated from — © to + ©, one 
finds 
S 2. dxx?F (x) = (1/2d) fo? dM/M f2.. du h(M,u) 

+ (1/7?) f2.dM f2.. duwh(M,u) 
(27) 
while the integral over F(x) is equal to the double integral over h(M/,u). 
This shows that the width o of the distribution F(x) is the sum of two terms, 
one of which is due to the variance in density : 
a? = a9? + (u)?/r? 
The ‘“‘apparent”’ number average molecular weight will therefore be smaller 
than that found with uniform density. However, to apply eq. (26), it is 
necessary that dF/dx = 0 at x = 0. If the convergence of the integrals 
in eq. (16) allows one to interchange integration with differentiation: 
F’(0) = —2X(A/#)'?/7r Jo’ dM M3? 
X S2. duh(M,u)u exp {—\Mu2/r?} 
(28) 
One could therefore give # a value which makes the double integral in eq. 
(28) equal to zero, but this would not help much, because it would give 
—F'(x)/x = 2d(d/m)"? fy? dM M*!? 
xX fo. duh(M,u)(1 + u/xr) exp {—\M (x + u/r)?} 
and in the integration over x we can no longer integrate first over « and 


subsequently over M and u. For this reason, a few simple examples were 
investigated. In all of them the molecular weight was assumed uniform, 
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so that the question to be decided-is whether the apparent ratio M/,,/M,, is 
larger or smaller than unity.* 

We know already from Baldwin’s result that a Gaussian distribution 
over u leads to a Gaussian F(x) and therefore leaves the ratio /,,/M,, un- 
affected. A distribution which shows an infinitely sharp peak at u = 
—uy and the same peak at uw = +p results in a function F(x) from which 
it follows that the apparent /,,/M,, is less than unity, provided AM? 
7? <1. The same result is obtained for a distribution h(u) that is con- 
stant in the interval —% <u < uw and zero elsewhere. The detailed proof 
of these statements is not given because the derivation is straightforward 
though tedious. What these results show is that, as a rule, one may expect 
the apparent ratio /,,/M,, to be decreased by the variance in effective 
density. However, this conclusion is not of general validity and, moreover, 
the effect on apparent molecular weight averages other than M, and M,, 
has not been considered. 

(4) The results obtained in this paper have been derived on the assump- 
tion that the interaction between the polymer molecules is negligible. As 
shown in previous work,° this is a poor approximation unless one works 
close to theta conditions. It must be borne in mind that with polymers 
differing in chemical composition it may be impossible to approach theta 
conditions closely for all polymer species simultaneously. It is not possible 
at the present stage to predict the effect this may have on the evaluation 
of experimental data. 

The author is indebted to H. A. Ende and R. L. MeCullough for helpful suggestions. 
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A= fp aMM f2., du h(mu) 


A; is the first order moment of the distribution over molecular weight. The result shows 
that the integral of F’/x over x depends in a complicated manner on the distribution 
over u and M. If one writes this integral as 2\A,°"", it follows that A,*°? and hence 
M.,, is always decreased by the non-uniformity in density. No simple rule can be given, 


however, for the apparent ratio M,,/M,. 
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Synopsis 


When a mixture of polymers is subjected to centrifugation in a density gradient, each 
species tends to collect at a point which is determined by its apparent partial specific 
volume. At equilibrium, the distribution around this point is Gaussian with a width 
that is inversely proportional to the molecular weight. A general expression for the re- 
fractive index or the light absorption is derived on the assumption that the deviations 
of the specific volumes from the mean are comparatively small. It is shown that in- 
formation concerning the distribution over molecular weight and specific volume can 
be obtained from the data by means of Fourier transforms. The apparent number 
average molecular weight is always increased by the variance in specific volume, but no 
general rule can be given concerning the apparent ratio M,,/M,. Some examples show 
that one may expect. this ratio to be decreased. 


Résumé 


Si on centrifuge un mélange de polyméres dans un gradient de densité, chaque espece 
de polyméres tend 4 se grouper autour d’un point, qui est défini par son volume spécifique 
apparent. A l’équilibre on retrouve autour de ce point une courbe de dispersion de 
Gauss, dont la largeur est inversément proportionnelle au poids moléculaire. On 
développe une expression générale pour. l’indice de réfraction ou pour |’absorption 
lumineuse, en admettant que comparativement les déviations du volume spécifique par 
rapport 4 la valeur moyenne sont petites. On démontre qu’a partir de ces résultats des 
informations concernant la répartition du poids moléculaire et des volumes spécifiques 
peuvent étre obtenues 4 l’aide des transformations de Fourier. Des déviations du 
volume font toujours croitre le poids moléculaire apparent en nombre. Malgré tout, 
on ne peut écrire une loi pour le rapport apparent de M,,/M,. Quelques exemples 
démontrent qu’on peut s’attendre a des valeurs plus petites. 


Zusammenfassung 


Wird ein Polymerengemisch im Dichtegradienten zentrifugiert, dann strebt jede 
Polymerensorte, sich an einem Punkt anzusammeln, der durch ihr scheinbares partielles 
spezifisches Volumen bestimmt ist. Im Gleichgewicht liegt eine Gauss-Verteilung um 
diesen Punkt vor, deren Breite dem Molekulargewicht umgekehrt proportional ist. 
Ein allgemeiner Ausdruck fiir den Brechungsindex oder die Lichtabsorption wird unter 
der Annahme abgeleitet, dass die Abweichung des spezifischen Volumens vom Mittel- 
wert verhiltnismiissig klein ist. Es wird gezeigt, dass aus diesen Daten Angaben iiber 
die Verteilung des Molekulargewichtes und des spezifischen Volumens mittels Fourier- 
transformation erhalten werden kénnen. Der scheinbare Zahlendurchschnitt des 
Molekulargewichtes wird durch Schwankungen des spezifischen Volumens in jedem 
Falle erhéht. Es kann jedoch keine allgemeine Gesetzmiissigkeit fiir das scheinbare 
Verhiltnis von M,,/M, angegeben werden. Einige Beispiele zeigen, dass eine Ernied- 
rigung der Werte erwartet werden kann. 











JOURNAL OF POLYMER SCIENCE: PART C NO. 1, PP. 187-194 (1963) 


Column Fractionation of Polymers. I. Large-Scale 


Chromatography 


M. J. R. CANTOW, ROGER 8. PORTER, and JULIAN F. JOHNSON, 


California Research Corporation, Richmond, California 


INTRODUCTION 


The chromatographic or gradient elution method for fractionating 
polymers was first described by Baker and Williams in 1956.' In outline, 
this method consists of coating the polymer on an inert support, often 
small glass beads, packing these beads into the top 15% of a column filled 
with uncoated support, establishing a temperature gradient down the 
column, and eluting the polymer with a mixture of nonsolvent-solvent 
of increasing solvent power. Most of the applications have involved 
polymer samples of 5 g. or less, as this is sufficient to produce a fraction 
containing enough polymer for determination of molecular weight dis- 
tribution. 

For studies on the physical properties of polymers, it is desirable to have 
narrow fractions of considerable size. Desreux and Spiegels? suggested 
the column extraction technique in which polymer is slowly precipitated 
on an inert support, packed into a column, and isothermally extracted 
with batches of nonsolvent-solvent mixtures of increasing solvent power. 
The method has been scaled up by Henry* to fractionate 50-g. samples of 
polyethylene. Using a column extraction technique, where the precipi- 
tated polymer is extracted with successive amounts of the same solvent at 
increasing temperatures, Hawkins has separated 25-g. samples of poly- 
ethylene.‘ 

Preliminary results from a scaled-up chromatographic apparatus have 
been described.’ The performance of this equipment has subsequently 
been evaluated in more detail as described below. 


COLUMN DESIGN FEATURES 


A sketch of the improved apparatus is shown in Figure 1. The principle 
of operation remains the same as that of small-scale chromatographic 
columns. ‘The increase in sample and fraction size is gained by operating 
six columns in parallel. Frequently column separation methods are 
scaled up by increasing the diameter of the column and using sample sizes 
proportional to the cross section area. Experience in distillation, liquid- 
solid chromatography, and gas-liquid chromatography has shown that 
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Fig. 1. Multi-column unit. 


above some maximum diameter, this initially results in a sharp decrease in 
efficiency due to channeling and/or lateral temperature gradients. There- 


fore, for scale-up the parallel column arrangement was selected. The 
aluminum columns are each 1 meter in length with an inside diameter of 
The upper ends of the columns 


2.5 em. and an outside diameter of 3.8 cm. 
This 


are welded to the bottom of the aluminum solvent-mixing container. 
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container holds 7 liters and is fitted with a heater, regulated by a resistance 
type, on-off controller (Resistotrol, Hallikainen Instrument Company, 
Berkeley, California). The stirrer shaft enters through a metal condenser 
to prevent solvent evaporation. Nitrogen introduced through a bubble 
tube is used to remove dissolved oxygen. The upper temperature is 
established by heating the solvent in the mixing chamber to the desired 
temperature. The lower ends of the columns are connected to a common 
outlet by a removable threaded assembly (see cutout Fig. 1). 

This assembly is immersed in a thermostatted water bath which estab- 
lishes the lower limit of the temperature gradient. Iour thermocouples 
are spaced along the column to check the thermal gradient. It has been 
found to be nearly linear as shown in Table I. 


TABLE I 


Temperature Decrease Down Chromatographie Column 
£ 





Column length, em. 2.0 47.5 82.5 98.0 
Temperature, °C. 51.0 38.0 30.0 27.0 


Two ganged pumps with an adjustable 12-120 ml./hr. capacity (Minipump, 
Milton Roy Company, Philadelphia, Pennsylvania), are used to withdraw 
the polymer solution from the common column outlet and to add solvent 
to the mixing chamber at the same rate. The level in the mixing chamber 
thus remains constant and the concentration-time gradient in the mixing 
chamber is given by 
iP as V 
y/V =1—e ~ “Ve (1) 
where y is the volume of solvent in the mixing chamber of volume J, 
initially filled with nonsolvent, after time ¢ with a rate of withdrawal R. 


POLYMERS INVESTIGATED 


A commercial polyisobutylene was used, with a limiting viscosity num- 
ber in carbon tetrachloride at 30.0°C., [n] = 0.394 dl./g., which according 
to the relation given by Fox and Flory® corresponds to a molecular weight 
of 40,000. The fractionations were carried out with acetone as the non- 
solvent and benzene as the solvent. The temperature decrease down the 
column was from 50 to 28°C. The throughput was 80 ml./hr. All poly- 
isobutylene molecular weights were determined by viscosity measurements 
at one concentration in carbon tetrachloride at 30.0°C., using the extrapola- 
tion method of Schulz and Blaschke’ with k’ = 0.36. 

A commercial polyvinyl acetate was investigated, with a limiting vis- 
cosity number in acetone at 25.0°C., [n] = 0.48 dl./g., which according 
to the relation given by Wagner* corresponds to a molecular weight of 95,- 
000. The fractionation was carried out with isopropanol as the nonsolvent 
and benzene as the solvent. The temperature decrease down the column 
was from 60 to 28°C. The throughput was 80 ml./hr. For the one point 
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determination of the intrinsic viscosity of the fractions, a value of k’ = 
0.33 was used. 

The polymers were coated on glass beads of 0.1 mm. average diameter 
by dissolving the polymer in a good solvent, adding a nonsolvent with a 
higher boiling point, followed by slow evaporation under nitrogen. The 
Superbrite glass beads No. 130 were obtained from the Minnesota Mining 
and Manufacturing Company, Saint Paul, Minnesota. 


RESULTS 


Six samples of the same polyisobutylene, ranging from 34-50 g., were 
fractionated in 10-23 cuts. The results are given in Table II, together 
with the charge, the recovery, and the average concentration of the polymer 
in solution. The average concentration is calculated from the amounts of 
polymer and eluant used during fractionation. 


TABLE III 
Results of Analytical Refractionations 





Run Fraction A-10 Fraction E-7 


Fraction Wt., g. MW Wt., g. MW 





a 0.203 27 ,600 0.077 3,900 
b 0.122 36,000 0.357 11,800 
c 0.471 42,700 0.421 14,700 
d 0.687 46,900 0.404 15,500 
e 0.491 47,300 0.448 15,700 
f 0.163 46,800 0.364 15,700 
4 0.286 15,700 

Charge, g. 

Recovery, % 

Average conc., % 





TABLE IV 


Polyviny] Acetate Fractionation 





Fraction Weight, g. Molecular weight 





3.79 17,300 
4.92 56,000 
5.29 79,000 
5.94 118,000 
4.48 132 ,000 
3.78 136,000 
3.20 138 ,000 
2 140 ,000 
2 144,000 


Charge, g. 
Recovery, % 
Average conc., “% 
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In order to test the efficiency of the fractionations in Table II, two of 
the fractions, A-10 and E-7, were refractionated in an analytical scale 
chromatographic column under otherwise identical conditions. The re- 
sults are given in Table IIT. 

The fractionation data on the polyvinyl acetate sample are summarized 
in Table IV. 


CONCLUSIONS 


l‘igure 2 gives the integral molecular weight distributions derived from 
fractionations for the polyisobutylene. The plot was obtained by the 
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TABLE V 
Measured and Calculated Molecular Weight Averages 


Measure ; Pie : 
feasured on Calculated from distribution 


whole sample m pet 





M, M, M M, 


Unfractionated 40 ,000 19,900 12 , 800 17 300 
polyisobutylene 

Polyisobutylene 14,700 14,900 — 15,200 0.020 
fraction E-7 

Polyisobutylene 43 , 100 45,000 45,600 0.013 
fraction A-10 





procedure suggested by Schulz.’ It shows that the large-scale fractiona- 
tion method is quite reproducible. Only the data points for fractionation 
B show a distinctively steeper slope. Run B also does not extend to as 
high molecular weights as the other fractionations. The poorer resolution 
in this case is caused by the smaller number of cuts (10) taken. The great 
increase in resolving power with increasing number of fractions can only 
be utilized in a large-scale method. 

In Figure 3 the differential molecular weight distribution curves of the 
unfractionated polymer and of fractions A-10 and E-7 are given. In 
Table V, measured molecular weight averages and those calculated from 
the moments of the distribution curves are compiled. 

Table V shows good agreement between measured and calculated 
averages. The fractions are of extremely narrow molecular weight dis- 
tributions, as is also shown in Figure 3. A model calculation of the lowest 
possible degree of inhomogeneity for a fraction of the size of A-10 gives a 
value of 0.006. The experimental number of 0.013 demonstrates the high 
efficiency of the column. 

Figure 4 shows a double logarithmic plot of solvent composition versus 
the corresponding extractable molecular weight for the polyisobutylene 
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Fig. 4. Polyisobutylene molecular weight vs. eluant composition. 
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fractionations described above. It was obtained from a fractionation 
run by plotting the solvent composition, as determined by refractive index 
measurement, versus the viscosity molecular weight of the polymer con- 
tained in that specific cut. Plots like this are useful for determining the 
initial nonsolvent-solvent compositon for fractionations. 


The authors express appreciation to A. R. Bruzzone for his help with the experimental 


work, 
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Synopsis 


A chromatographic multicolumn for fractionation of polymers is described. Six 
samples of a commercial polyisobutylene of 34—50 g. were fractionated in 10-23 cuts. 
The integral distribution curve showed good reproducibility of the results. Two of the 
fractions were subfractionated once more. From their distribution curve a degree of 
inhomogeneity of 0.013 and 0.020 was calculated. A procedure for the large-scale frac- 
tionation of polyvinyl acetate is also given. 


Résumé 


Une méthode de fractionnement des polyméres par chromatographie sur plusieurs 
colonnes est décrite. Six échantillons de pulyisobuty.éne commercial de 34 4 50 g ont été 
fractionnés en 10 4 23 parties. La courbe intégrale de distribution révéle la bonne re- 
productibilité des résultats; deux des fractions ont été sous-fractionnées une fois de 
plus. Un degré de non-homogénéité de 0.013 et 0.020. On décrit aussi un procédé de 











fractionnement a grande échelle d’acétate de polyvinyle. 






Zusammenfassung 






Kine Mehrfachkolonnen zur Fraktionierung von.Polymeren nach dem chromato- 
graphischen Prinzip wird beschrieben. Sechs Einwaagen eines technischen Polyiso- 
butylens von 34-50 g wurden in je 10-23 Fraktionen zerlegt. Die integrale Verteilungs- 
kurve zeigte eine gute Reproduzierbarkeit der Ergebnisse. Zwei Fraktionen wurden 
nochmals unterfraktioniert. Aus den aufgestellten Verteilungskurven wurde eine 
Uneinheitlichkeit von 0,013 und 0,020 berechnet. Schliesslich wird die Fraktionierung 
eines Polyvinylacetates beschrieben. 
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Column Fractionation of Polymers. _ II. 
Instrumentation for Solvent Gradient and Flow 
Control 


J. F. GERNERT, M. J. R. CANTOW, ROGER S. PORTER, and 
JULIAN F. JOHNSON, California Research Corporation, Richmond, 
California 


INTRODUCTION 


The chromatographic method of fractionating polymers into narrow 
molecular weight fractions was introduced by Baker and Williams in 1956! 
and has been widely used. The method utilizes both a thermal and solvent 
gradient to effect separation. Usually the column fractionations require 
considerable elapsed time. This paper describes two instruments which 
reduce the amount of operator attention required and increase the repeat- 


ability of the method. One is a solvent gradient controller which produces 
a variety of gradients in a reproducible manner, and the other is an accurate 


flow controller. 

The choice of solvent gradient is important as it influences the degree of 
separation. There is no uniquely optimum gradient as it changes with the 
molecular weight distribution of the specific polymer to be fractionated. 
It is desirable, therefore, to be able to produce easily a wide variety of sol- 
vent gradients with a single controller. A common way of producing a sol- 
vent gradient is to have a weil-stirred mixing chamber that initially is filled 
with a nonsolvent and replace the volume fed from the mixing chamber into 
the column with a solvent.2, This produces a logarithmic gradient as 
defined subsequently in eq. (8a). The rate of change can be adjusted by 
varying the ratio of initial volume in the mixing chamber to the withdrawal 
rate and by utilizing various initial nonsolvent concentrations in the mixing 
chamber and reservoir. In all cases the gradient is logarithmic. 

Bock and Ling’ have described the use of multiple vessels connected in 
The initial and total volume of non- 
solvent-solvent cannot be varied conveniently by this method. A similar 
arrangement was reported by Donaldson et al.‘ and by Desreux.’ Laksh- 
manan and Lieberman used a different rate of flow into and out of the mix- 
ing chamber.® This produces the same types of gradients as the apparatus 
described here but is not automatic as it requires manual adjustment of two 


series to produce various gradients. 


valves. 
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DESCRIPTION OF SOLVENT GRADIENT CONTROLLER 


A schematic diagram of the solvent gradient controller including the 
mechanical, electrical, and auxiliary components is given in Figure 1. The 
liquid level in the mixing chamber is sensed through two thermistor probes, 
one of which is in the liquid near the bottom of the chamber, the other at the 
liquid vapor interface. The two probes form arms of a Wheatstone bridge. 
When both are in liquid no signal is produced as the bridge is balanced. 
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Fig. 1. 








When the interface probe is in vapor, the reduced thermal conductivity 
causes a sharp rise in temperature and marked decrease in resistance of the 
thermistor. The bridge is then unbalanced and a signal turns on a pump 
adding liquid from the reservoir until the bridge is again balanced. A con- 
venient, inexpensive pump may be obtained through use of an electric auto- 







mobile fuel pump with a restricting valve to reduce the flow rate to prevent 
overshoot (for example, 12 v. DC, Model No. 476 087 Eclipse Machine 
Division, Bendix Corporation). For many solvents, it is necessary to 
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Fig. 2. Thermistor motion controller. 


replace the rubber sealing gasket with one made of Teflon. Alternately, 
gravity feed using a solenoid valve may be employed. 

With the interface probe in a fixed position the solvent gradient is log- 
arithmic. The initial volume in the mixing chamber can be varied con- 
veniently. However, a variety of other gradients may be generated by 
moving the probe in a predetermined reproducible fashion. Figure 2 is a 
schematic diagram of the thermistor motion controller. A bidirectional 
Digimotor drives a gear train and gear rack which produces a number of 
linear speeds. For the particular mixing chamber geometries used here, 
these range from 2.5 X 10-*-2.5 mm./hr. The motor is driven by a flip- 
flop stage through power amplifiers. The rate is determined by input 
pulses from a unijunction pulse generator. The output of the unijunction 
pulse generator is linear with the rate potentiometer setting. Thus a linear 
rate of change of rate can be obtained by driving the rate potentiometer at a 
constant speed. Other functions can be obtained by inserting nonlinear 
potentiometers to produce logarithmic, sine, cosine, etc., changes. 


ANALYSIS OF TYPICAL GRADIENTS 


After selection of the specific nonsolvent A and solvent B system, the 
parameters that affect the solvent gradient produced in the well-stirred 
cylindrical mixing chamber, assuming no volume change on mixing, may be 
calculated as follows: 
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= volume of A + B added per unit time. 
Cp, = volume fraction of B in added mixture. 


k = motion of probe per unit time, assumed positive for upward and 
negative for downward motion. 

a = radius of mixing chamber. 

ho = height of liquid in mixing chamber at time ¢ = 0. 

Vo = volume of A + B in mixing chamber at time ¢ = 0. 

¢ = volume fraction of B in mixing chamber at time ¢ = 0. 

V = volume of A + B in mixing chamber at any time t. 

@ = volume fraction of B in mixing chamber at any time ¢. 

r = volume of A + B withdrawn per unit time. 


It follows 
d¢V/dt = Cex — or 
dV/dt=x-—r 
By combining one obtains 
dg¢/dt = x(Cy — o)/Vo + (« — rt 
We define 
a = x/(x4# — r) and B = V./(x — r) (1),(2) 
The solution is 
@ = Cpe — (Ca — o)/(1 + t/6)* (3) 
If the rate of input x is regulated by the probe moving at a velocity k, 
then eqs. (1) and (2) read 
a = 1+ (r/xa*k) and B = Io/k (1a), (2a) 
The proper velocity k of the probe for any desired volume x to be added 
per unit time is given by 
k = (x — r)/xa? (4) 
lor the case where the probe is not moving, i.e., for the case of x = r, eq. 
(3) reduces to the familiar logarithmic gradient 
@ = Cz — (Ca — dole xs 
Three variables are the initial concentration of B in the mixture added 
and initially in the mixing chamber and the rate of withdrawal. Constant 
V,/r ratios give the same gradient with time. At the higher flow rates, for 
a given sample size, the maximum concentration of polymer in the solution 
is, of course, lower. It is desirable to keep this maximum polymer concen- 
tration low to prevent loss of fractionation efficiency.’ 
Inspection of eq. (3) shows that in the limiting case of probe motion 
downward where x = 0, there is no change of concentration of the mixture 


entering the column. ‘This is frequently desirable on fractionation of poly- 
mers, with a relatively narrow distribution to prevent overloading the 


(3a) 
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column. Obviously for the case where the probe motion is downward but 
«x 0 the gradient is less rapid than logarithmic; upward, it is more rapid 
than logarithmic. 

The choice of the solvent-gradient depends on the specific polymer sys- 
tem, experimental conditions, and purpose of the fractionation. It is 
necessary to know the solubility-molecular weight characteristics for the 
system being separated. Table I shows a number of typical gradients. 


TABLE I 


Comparison of Various Solvent. Gradients 





Concentration of solvent, volume fraction 


k, em./min, 
a —6.366 XK 1073 0 6.366 K 1073 1.273 X 10-3 
¢ 9 


Time, min. -1 oo 3 


100 0.0637 0.1195 0.1693 .2131 
200 0.1273 . 2248 .8021 . 3646 
300 0.1910 .3177 .4082 .4764 
400 0.2546 .3933 .4937 . 5610 
600 0.3820 .4708 .6211 .6785 
800 0.5093 . 5939 . 7092 7555 
1000 0.6366 . 7200 0.7719 .8065 





These were calculated for r = 1 cm.*/min., a = 5em., and hy = 10 em. with 
og = Oand Cz, = 1. The values for k and a are cited in the table. In 


general for exploratory separations where such curves are not known, a use- 
ful procedure is to start with a steeper than logarithmic gradient, probe 
moving up, until polymer begins to emerge. The probe can then be held 
stationary or started down if the fractions appear to be quite large. For 
large-scale fractionations, it is often useful to be able to produce a very slow 
gradient to keep the concentration of polymer below 0.5-1%.? 


FLOW REGULATOR 


The flow rate in column chromatography affects the efficiency of separa- 
tion although there is as yet no convenient quantitative method of describ- 
ing this phenomenon.’ It is desirable to keep it constant at a rate where 
good fractionation is obtained. In addition for repetitive fractionations on 
polymers of the same type, plots of molecular weight versus solvent compo- 
sition permit distribution determinations from polymer weights and solvent 
composition measurements eliminating the need for intrinsic viscosity 
measurements except for spot checks. 

Various methods of flow control have been employed. These include 
manually adjusted needle valves, metering pumps,’ heated capillaries,'® 
and pumps using a constant backpressure valve.'' The apparatus de- 
scribed here, shown in Figure 3, uses a different technique. 

The unit consists of two photoelectric liquid level detectors,'? a sequenc- 
ing circuit, a comparison circuit, a timer motor, a bidirectional motor-driven 
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valve, a graduated volume, and a solenoid valve. The sequencing circuit 
controls the solenoid valve and timer motor by signals from the level sensors 
and the timer motor. 

The sequence for each cycle is as follows. Initially the liquid level is 
below the lower photoelectric sensing element. When it crosses this sensing 
element, the timing circuit is started. As the liquid continues to rise in the 
calibrated tube, three cases can occur. If the liquid level passes the upper 
photoelectric device in the set timing period +1%, no adjustment of the 
valve is made. If the set timing period elapses and the level has not reached 
the sensor, the valve motor is operated to open the valve until the level 
reaches the photoelectric detector. If the level reaches the detector before 
the timing period, the valve closes for the length of time between the signal 
and the end of the timing period. Thus the valve adjustment is propor- 
tional to the difference between the actual and required flow rate. At the 
end of the timing period or signal from the upper photoelectric sensor, 
whichever comes later, the solenoid is opened to empty the calibrated tube; 
and after a short delay to permit drainage, the cycle repeats. 

The comparison circuit times the desired volume, detects any error from 
the +1% dead zone, and signals the bidirectional motor-driven valve to 
compensate for this error on a proportional basis. The timed cycle is 3 
min., and the unit will control from 0.1-300 ml. in 3 min. to within the +1% 
dead band. The unit will compensate for a maximum of 10% change in 
flow rate for each cycle. 

Figure 4 shows the good linearity of the flow controller. It has operated 
with a minimum of adjustment and maintenance. It can be utilized with a 
simple relay switch to actuate commercially available automatic fraction 
collectors. 

The use of these two instruments permits rapid selection of a variety of 
solvent gradients in a reproducible manner and automatic flow control. 
This reduces the manpower required for column polymer fractionation. 
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Synopsis 


Two devices are described which make the operation of polymer fractionation columns 
more convenient and reproducible. A solvent gradient controller capable of providing a 
variety of solvent gradients from a single mixing chamber uses a signal generated by 
two thermistor probes. One probe is located in liquid near the bottom of the mixing 
chamber, the other at the liquid-vapor interface. The probes as arms in a Wheatstone 
bridge actuate either a simple automotive fuel pump or a solenoid gravity feed system 
from the solvent reservoir to maintain the liquid level. With the interface probe at a 
fixed position, the nonsolvent-solvent gradient is logarithmic with time. A device to 
move the interface probe either up or down at a number of predetermined rates with good 
precision is described. Use of the moving probe permits selection of a variety of solvent 
gradients. An equation to describe these gradients is derived. A flow regulator based 
on using a volume measuring circuit to control a motor-driven needle valve has been 
developed. Two photoelectric elements measure the length of time required for the 
column eluant to fill a calibrated volume between the two sensing elements. This time 
is compared with a preset reference time. The motor driven valve receives a signal to 
increase or decrease flow rate that is proportional to the difference between the two 















times. 






Résumé 










On décrit deux procédés qui rendent l’opération de fractionnement des polyméres au 
moyen de colonnes plus adéquate et reproductible. Un controleur de Ja composition de 
solvant capable de fournir une variété de compositions de solvant provenant d’une seule 
chambre de mélange, utilise un signal issu de deux sondes A thermistor. Une sonde est 
logée dans le liquide prés du bas de la chambre de mélange, l’autre 4 la surface de sépara- 
tion des phases liquides/gaz. Les sondes, brasées dans un pont de Wheatstone, met en 
marche soit une simple pompe A huile automotive soit un systéme d’alimentation par 
gravité au départ du réservoir du solvant pour maintenir le niveau de liquide. Lasonde 
interphase étant dans une position donnée, le gradient non-solvant, solvant est logarith- 
mique en fonction du temps. On décrit un moyen de déplacer la sonde interphase soit 
vers le haut, soit vers !e bas avec une grande précision, 4 un nombre prédéterminé de 
vitesses. L/’utilisation de la sonde mobile permet la sélection d’une variété de composi- 
tion de solvant. On a étudié un régulateur de flux basé sur I’utilisation d’un circuit 
mesurant le volume pour contréler une valve a aiguille actionnée par un moteur. Deux 
éléments photoélectriques mesurent le temps que met |’éluant de la colonne pour remplir 
un volume calibré entre 2 éléments sensibles. Ce temps est comparé 4 un temps de 
référence pré-établi. La valve actionnée par un moteur recoit le signal lui faisant 
augmenter ou diminuer la vitesse du flux. Cette vitesse est proportionnelle 4 la dif- 
férence entre les deux températures. 

















Zusammenfassung 






Zwei Vorrichtungen zur Vereinfachung und besseren Reproduzierbarkeit des Betriebes 
von Polymerfraktionierungssiulen werden beschrieben. Eine Lésungsmittelgradient- 
Kontrolleinrichtung, die aus einer einzigen Mischkammer verschiedene Lésungsmittel- 
gradienten liefern kann, wird durch ein Signal aus zwei Thermistorfiihlern gesteuert. 
Der eine Fiihler befindet sich in der Fliissigkeit in der Nahe des Bodens der Mischkammer, 
der andere an der Fliissig-Dampfgrenzfliche. Die Fiihler betitigen als Zweige einer 
Wheatstonebriicke zur Konstanthaltung des Flissigkeitsniveaus entweder eine einfache 
Membranpumpe oder ein Schwerkrafts-Solenoidspeisesystem aus dem Loésungsmittel- 
reservoir. Mit dem Grenzflichenfiihler in einer festen Stellung entsteht ein Fillungs- 
mittel-Lésungsmittelgradient mit logarithmischer Zeitabhingigkeit. Eine Vorrichtung 
zur Auf- oder Abwiirtsbewegung des Grenzflichenfiihlers mit genau vorherbestimmter 
Geschwindigkeit wird beschrieben. Die Verwendung des bewegten Fiihlers gestattet 
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die Wahl verschiedener Lésungsmittelgradienten. Eine Gleichung zur Beschreibung 
dieser Gradienten wird abgeleitet. Weiters wurde ein Strémungsregler entwickeit, der 
auf der Verwendung eines Volummesskreises zur Kontrolle eines motorbetriebenen 
Nadelventils beruht. Zwei lichtelektrische Zellen messen die fiir die Fiillung eines 
kalibrierten Volumens zwischen den beiden Anzeigezellen durch das Eluierungsmittel 
erforderliche Zeitdauer. Diese Dauer wird mit einer eingestellten Bezugsdauer verg- 
lichen. Das motor-betriebene Ventil erhilt ein Signal zur Erhéhung oder Herabsetzung 
der Strémungsgeschwindigkeit, das dem Unterschied der beiden Zeitdauern propor- 
tional ist. 
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The Stereoregular Polymerization of Vinyl Ethers 
with Transition Metal Catalysts 


K. J. VANDENBERG, Research Center, Hercules Powder Company, 
Wilmington, Delaware 


INTRODUCTION 


The stereoregular polymerization of vinyl monomers was first accom- 
plished by Schildknecht and co-worker! ~ in their studies on the polymeriza- 
tion of various alkyl vinyl ethers. In their work, vinyl isobutyl] ether 
gave the most stereospecific polymerization, readily yielding crystalline 
polymer with boron trifluoride-etherate catalyst in hydrocarbon diluent at 
—80°C. Under similar conditions in a chlorinated solvent, vinyl methyl! 
ether (VME) gave a relatively low molecular weight, water and methanol- 
soluble, apparently low crystallinity polymer. Isopropyl, ethyl, and n- 
butyl vinyl ethers gave polymers which exhibited some order but were 
not crystalline.'~4 

Vandenberg®* was the first to report that certain modified Ziegler-type 
catalysts polymerize polar viny!] monomers, such as the alkyl vinyl ethers 
and methyl methacrylate, to crystalline polymers: Crystalline poly- 
(methyl methacrylate) has already been adequately described by others.’ 
The low temperature polymerization of vinyl isobutyl ether to crystalline 
polymer with Ziegler-type catalysts has been described by Lal* and Natta 
et al.° The latter authors also reported using “modified Friedel-Craft 
catalysts,” such as alkylaluminum chlorides and substituted titanium 
chlorides for polymerizing vinyl isobutyl ether to crystalline polymers at 
low temperatures. In addition, these catalysts gave a low crystallinity 
polymer from vinyl! isopropyl ether. More recently Dall’asta et al.'°!! 
reported using such alkylaluminum halides at low temperature to prepare 
crystalline polymers from neopenty!, and n-butyl] viny] ethers. 

Vandenberg et al.!* have briefly described the highly crystalline alkyl 
vinyl ether polymers which were obtained at about room temperature with 
the special Ziegler-type catalysts of Vandenberg or with some new, highly 
stereospecific catalysts. Some of the latter catalysts consist of various 
metal sulfates, prepared and used under rather special conditions.'* "4 
Previously, it was shown by Moseley" that an aluminum acid sulfate 
hydrate gave high polymer from vinyl ethers at room temperature. Very 
recently Okamura et al.'® showed that Moseley’s catalyst and some re- 
lated acid sulfate catalysts give isotactic poly(isobuty! vinyl ether) at 
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room temperature. Lal" has indicated that ferric acid sulfate hydrates 


polymerize n-butyl and ethyl vinyl ether at room temperature to somewhat 


stereoregular polymers. 

This paper presents additional information on the Ziegler-type transi- 
tion metal catalysts for vinyl ether polymerizations. These improved, 
rather unusual catalysts readily polymerize VME to substantial yields of 
very high molecular weight and highly crystalline polymer at room tem- 
perature. The new water- and methanol-insoluble, highly crystalline 
poly(vinyl methyl ether) (PVME-C) is described in detail along with a 
brief report on some of the other new, highly crystalline alkyl vinyl ether 


polymers. 


EXPERIMENTAL SECTION 
Reagents 


Vinyl methyl ether from the Matheson Co., Inc. was purified by frac- 
tionation at atmospheric pressure through a 20-plate, vacuum-jacketed 
column under nitrogen and at a 5:1 reflux ratio. The VME was collected 
through a hypodermic needle into a cold, capped (self-sealing liner), pres- 
sure bottle which had been treated overnight with 2% sodium bicarbonate, 
water-washed, dried at 120°C., nitrogen swept and capped while hot. Ina 
few indicated experiments, crude VME (about 1% CH;OH) was used after 
distilling off about 20% of the cylinder contents. 

Ethyl, n-butyl, and isobutyl vinyl ethers were obtained from the Carbide 
and Carbon Corp. n-Propy! and isopropyl] vinyl ether were obtained from 
General Aniline and Film Corp. ‘These commercial monomers were washed 
three times with slightly alkaline water, dried for several days over KOH, 
then distilled under nitrogen, and the middle 80% collected. Vinyl ethy] 
ether was further purified by treating 150 cc. with 60 ec. of a 28% solution 
of iso-Bu;Al in a high-boiling hydrocarbon for one day, and recovered by 
distillation. 

Tert-Buty! and neopentyl vinyl ethers were prepared in this laboratory 
by the standard vinylation of the alcohols with acetylene.!* They were 
purified by treatment with sodium or potassium followed by distillation. 

Allyl ethy! ether was obtained from the Monomer-Polymer Laboratories 
of the Borden Chemical Co. and the tert-butyl! allyl ether was synthesized 
in our laboratories by Mrs. N. Conner. 

The n-heptane was Phillips pure grade and the diethyl ether was Mal- 
linckrodt anhydrous analytical reagent. The vanadium tetrachloride was 
obtained from Delta Chemical Works, and the TiCl, from Matheson. The 
triisobutylaluminum and triethylaluminum were Texas Alkyls, Inc. pro- 
duction materials. 

Polymerization Procedure 


Polymerization and catalyst preparations were carried out under nitro- 
gen using capped pressure vessels fitted with a Buna N rubber, self-sealing 
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liner which had been extracted with benzene for three days and dried. 
Hypodermic equipment was used for evacuations and nitrogen and reagent 
addition. Polymerizations were run with 10 g. of monomer. In general, 
nonvolatile components such as diluent were charged into the pressure 
bottle, the free space swept out with nitrogen, and the bottle capped using 
a self-sealing liner. Air was further removed by evacuating the system 
through a 20-gauge needle with an oil pump for one minute (for a 250-cc. 
vessel), the system nitrogen pressured to 15 psi, evacuated again for 1 min., 
and then either repressured with nitrogen to 15 psi gauge, or charged with a 
volatile monomer such as the VME. Other low boiling ingredients were 
then injected. Next, an organoaluminum compound, referred to as acti- 
vator, was added and the pressure bottle was placed on a rotating rack in a 
30°C. water bath for about 14 to 1 hr. Then the second catalyst com- 
ponent, usually the transition metal component, was added to initiate the 
polymerization. 


Catalyst Preparation 
Stoichiometric Vanadium Catalyst 


The stoichiometric vanadium (SV) catalyst (mole ratio of 0.36:1 Ets- 
Al: VCl,) was the starting material for the pretreated stoichiometric va- 
nadium (PSV) catalyst described below. It was prepared under nitrogen 
in n-heptane diluent at 0.1217 concentration of vanadium by addition of 
the organometallic instantaneously and as the last component. This 
‘atalyst was aged 2 hr. at room temperature and then heat treated for 16 
hr. in a 90°C. bath (no agitation). The titanium counterpart of SV cat- 
alyst, i.e. the ST catalyst (0.34:1 It;Al: TiCl,) was prepared in the same 
way. 

The SV catalyst was a purple dispersion in n-heptane. Analysis in- 
dicated the absence of metal alkyl bonds and that the vanadium was pres- 
ent largely (80%) in the trivalent form (remainder of vanadium divalent). 
Its highly crystalline-type x-ray diffraction pattern (Table 1) was different 
from that reported for vanadium trichloride, vanadium dichloride, and 
aluminum chloride.'® 


Pretreated Stoichiometric Vanadium Catalyst 


The PSV catalyst was the Ziegler-type transition metal catalyst which 
gave the most stereoregular polymerization. It was prepared by reacting 
SV catalyst with iso-Bu;Al-tetrahydrofuran (THF) complex (1M in n- 
heptane) at a mole ratio of 2:1 iso-Bu;Al:V (0.14 vanadium conen.) for 
20 hr. at room temperature. When iso-Bu;Al alone was used as the pre- 
treating agent, then the PSV catalyst was aged only 0.08 hr. before using. 
Modifications of the PSV catalyst and other catalysts were prepared in a 
similar manner in n-heptane. 
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TABLE I 
Lattice Spacings of Various Catalysts 

SV catalyst PSV catalyst 
A. Relative intensity A, Relative intensity 
6.40 3 
5.99 5 5.94 4 
5.69 4 
5.17 3 5.17 4 
4.68 3 
4.40 Ss 
1.10 4 
3.89 2 3.89 1 
3.71 2 3.71 4 
3.44 1 3.42 2 
3.30 10 3.29 10 
3.23 y 
3.16 4 
3.10 3 
2.98 l 2.97 1 
2.84 5 
2.64 5 2.79 0.5 
2.53 2 2.57 2 
2.32 2 2.31 3 
2.19 3 2.19 1 
2.07 1 2.06 2 
2.02 1 
1.99 1 
1.95 1 1.95 1 
1.89 0.5 
1.84 0.5 
Wy 0.5 1.76 1 
1.68 0.5 
1.65 0.5 
1.64 0.5 
1.51 0.5 
1.48 0.5 

0.5 


1.43 





The PSV catalyst, prepared with iso-Bu;Al-THI pretreatment, was a 
chocolate-brown dispersion. It could be separated by centrifuging into 
heptane-insoluble and heptane-soluble components. The heptane-insoluble, 
which was also completely insoluble in ether, contained 99% of the vanadium 
in the PSV catalyst, 88% as V(II) and 12% as V(III), and 0.21 mole of 
aluminum per vanadium. It was highly crystalline by x-ray, with a dif- 
fraction pattern different from VCl;, VCle, and AICI;'* and resembling that 
of the SV catalyst with about one-half the lines missing (Table I). There 
were isobutyl-metal bonds present, 1.4 isobutyl per aluminum, as deter- 
mined by measuring the gas evolued after acid hydrolysis. These alkyl 
groups are probably attached to aluminum and not vanadium since they 
were stable to heat treatment at 100°C. (5 hr.). The heptane-soluble 
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fraction contained only 1% of the vanadium in the PSV catalyst and, based 
on its chlorine and aluminum analysis, contained 2.35 isobutyls per alumi- 
num. 

Excessive heat treatment (20 hr., 90°C.) of the PSV catalyst, which re- 
duces its catalytic activity, changes the color to a light gray, de- 
creases the V(III) content somewhat (down to 4%), and destroys its 
crystallinity. 


Polymer Isolation 


If the nature of the reaction product permitted, a total solids method 
was used to determine the total per cent conversion to polymer. This 
method consisted in taking an aliquot (3-5 g.) of the reaction mixture, 
adding 2 ml. of a 1% NaOH solution in 99% ethanol as shortstop, 
and drying (1 hr., 80°C., 15 mm.). At the end of the polymerization a 
shortstop was generally used, preferably 5 ml. of 14/ NH; in ethanol 
(prepared from 28% aqueous N Hs). 

The preferred procedure for isolating PVME-C consisted of evacuating 
through a 13G hypodermic needle for 20 min. with a water pump, in order 
to remove the unreacted monomer. Then 100 ml. of anhydrous ethanol 
was added under nitrogen, and the product agitated for at least 16 hr. at 
30°C. Then 5 ml. of 10% methanolic HCI was added and the entire prod- 
uct, with sufficient anhydrous ethanol to give a total volume of about 200 
ml., was agitated in a Waring blendor if large lumps were present. The 
PVME-C was isolated by centrifuging. It was washed twice with anhy- 
drous ethanol, once with 0.1% NaOH in methanol, once with methanol, 
and once with 0.05% Santonox [4,4’-thiobis-(6-tert-butyl-m-cresol) | from 
Monsanto Chemical Co. in methanol. It was then dried, partly on a steam 
bath under nitrogen and then for 16 hr. at 50°C. in a vacuum oven. The 
amount of alcohol-soluble polymer was determined by combining the al- 
cohol washes prior to the alkali treatment and then determining the total 
solids (no shortstop) on an aliquot. The PVME-C was of reasonably low 
ash, usually less than 0.1%. 

In PSV catalyst runs under the best conditions (Table II), the alcohol- 
soluble polymer corresponded to 50-60% conversion to a nontacky tough 
rubber. It was isolated and purified by combining the ethanol washes 
(prior to NaOH wash) concentrating to about one-fifth the original 
volume, adding water to the original volume, heating to 50°C., and col- 
lecting the insoluble. This crude polymer was purified by two similar 
precipitations from hot water. It was then dissolved in CH;OH, stabilized 
with ca. 0.5% Santonox, and dried to constant weight at 50°C. in vacuo. 
The tough rubbery product, recovered in 20% conversion and largely 
soluble in methanol, had: (In ,)/C = 2.5, low crystallinity by x-ray, and 
2% crystallinity by infrared. 

Crystalline vinyl ethyl ether polymer was isolated by the same procedure 
used for PVME-C. The amorphous poly(vinyl ethyl ether), when iso- 
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lated, was obtained by evaporating off the diluent after removing the cat- 
alyst by the procedure described below for higher viny] ethers. 

The higher vinyl ethers, unless otherwise noted, were worked up by add- 
ing n-heptane to give a workable viscosity, washed several times with 3% 
methanolic HCl (from 37% aqueous HCl), washed neutral with water, 
washed once with 5% aqueous NaOH, and then washed neutral with 
water. The n-heptane-insoluble polymer (usually crystalline polymer) 
was then recovered by centrifuging, washed once with n-heptane, once with 
0.05% Santonox in ethanol, and dried 16 hr. 50°C. in vacuo. The heptane- 
soluble polymer was usually recovered by combining the heptane super- 
natants, concentrating to a smaller volume, and precipitating with about 
10-20 volumes of anhydrous ethanol containing 0.1% Santonox. The 
alcohol-insoluble polymer was collected and dried 16 hr., 50°C. in vacuo. 
In a few cases (labeled 7’ in Table VI) the heptane-soluble was isolated by 
adding 0.5% Santonox based on the polymer and distilling off the n- 
heptane, and then drying the product for 16 hr. at 80°C. in vacuo. The 
allyl ether runs were usually worked up by the VME procedure. 


Polymer Characterization 


Inherent viscosity data were obtained at 0.1% concentration in chloro- 
form at 25°C. The crystalline melting points were determined by taking 
the polymer specimen well above its expected melting point and then per- 
mitting it to recrystallize by cooling, and then reheating and measuring 
the temperature at which birefringence disappears.? In a few cases this 
method offered some problems since the polymer did not become bire- 
fringent on cooling but was indeed crystalline as determined by x-ray. 

Differential thermal analysis (DTA) was a more reliable melting 
point method. It was used where indicated and gave somewhat higher 
melting points since the data were obtained on the first melting of the 
polymer from its more crystalline initial state. 

The crystallinity of PVME-C was determined from the infrared spectra 
of a film cast on polished rock salt from 0.05-0.1 g. polymer in about 8 ml. 
of methylene chloride with 0.5 hr. drying at 76°F. and 30% relative hu- 
midity. The bands at 12.13 and 12.65 uw were used to calculate the per 
cent crystallinity. The DTA method was used where indicated for deter- 
mining crystallinity by first calibrating with a film of known crystallinity. 


RESULTS AND DISCUSSION 


Polymerization of Vinyl Methyl Ether 


Pretreated Stoichiometric Vanadium Catalyst 
Description. The most effective Ziegler-type transition metal catalyst 
for preparing PVME-C was the so-called “PSV catalyst” (Fig. 1). The 
heptane-insoluble portion of this catalyst was required for the stereo- 


reguar polymerization and was a crystalline solid consisting mainly of 
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1/3Et;Al + VCl,———————>- VC] -!/;AIC1 
16 hrs., 90°C 
SV catalyst 


pe + 2 iso-BusAl-THF (20 hr.) 


PSV catalyst 


Heptane Soluble 


Heptane insoluble 


Highly crystalline 
(not VCl, VCls, or AlCl; ) 
99% of vanadium 

88% V(IT) 

12% V(iIl) 


1% of the vanadium 


0.2 Al per V iso-Bu;Al 


iso-Bu,AlCl iso-Bu,AlCl 
iso-BuAlCl, iso-BuAlICl»? 
AICI,;? 


Probably no R—V 
(R = Et or iso-Bu) 


Fig. 1. Pretreated stoichiometric vanadium (PSV) catalyst. 


VCl, with smaller amounts of VCl; and aluminum compounds such as 
iso-Bu,AICl, iso-BuAICl, and perhaps AICl;. There does not appear to 
be any alkyl vanadium compounds present. 

General Behavior. Under the best conditions described here, the PSV 
catalyst gave 20-41% conversions to PVME-C of 4-10 inherent viscosity 
(Tables II and I11) along with about 50% conversion to amorphous polymer 
of 1-3 inherent viscosity. These results required the use of an “activator” 
such as a trialkylaluminum, or an alkylaluminum alkoxide which was 
added to the diluent-monomer mixture before the PSV catalyst was 
added. 

The PSV catalyst worked best at moderate temperatures (30°C.) and 
gave less satisfactory results at the very low temperature (—78°C.) usual 
for vinyl ether polymerizations. In addition, much better results 
were obtained with this catalyst in ether diluent than in n-heptane with a 
trialkylaluminum activator. These diluents gave similar results with 
alkylaluminum alkoxide activators. 

Of the possible components of the PSV catalyst, ball-milled VCl. or 
VCl;, used alone or with iso-Bu;Al, gave significant but very small amounts 
(0.2-3%) of PVME-C (Table V) whereas the alkylaluminum halides or 
VCl, gave no PVME-C (Table III, part #) but rather only low molecular 
weight amorphous polymer from ordinary acid polymerization. On the 
other hand, trialkylaluminums or alkylaluminum alkoxides did not poly- 
merize vinyl methy] ether at all and thus were preferred activators. 

Preparation Variables. The performance of the PSV catalyst in the 
production of PVME-C was very dependent on the mode of preparation 


and composition of this catalyst. Ordinary Ziegler catalysts of similar 
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overall composition prepared in one step, as compared with the two-step 
PSV catalyst, gave only traces of PVME-C. Even the two-step 
PSV catalyst was ineffective for the production of PVME-C unless the SV 
component was heat treated at 90°C. 

The mole ratio (0.36:1 Et;Al: VCl,) used in preparing the SV catalyst 
was very critical (Table IV) since a 0.4:1 ratio gave a fairly poor catalyst. 
The exact stoichiometric ratio (0.33: 1) gave a good catalyst. 


TABLE IV 
Effect of Per Cent Conversion and Composition of PSV Catalyst on VMEe 
Polymerization* 


Reaction SV component, PVME-C 
time, moles Et;Al ee = = ‘ 
hr. at 30°C. per V Conv., % (Inn,)/C % of Total Min. "C. 








0.08 0.36 6 4.7 13 116,118 
0.5 0.36 10 4.7 15 
2 0.36 14 5.6 21 
19 0.36 30 5. 37 
19 0.33 29 , 37 
19 0.40 11 6. 31 


*10 g. VME, 25 cc. diluent (76:24 ether:n-heptane), 0.5 mmole V as PSV catalyst. 
iso-Bu;Al: THF complex was used for pretreatment (1 hr.) and as activator (1 mmole). 


Pretreating the SV catalyst with iso-Bu;Al or iso-Bu;Al-THF was also 
essential. Omission of the pretreatment gave only a low conversion (4 
5%) to PVME-C (Table ITI, part Ff). The Et;Al-THF was about equiv- 
alent to iso-BusAl-THI’ as a pretreating agent; Et;Al was less effective 
and isobutylaluminum dimethoxide was ineffective (Table II and Table 
III, part C). This result is in accord with the pretreatment being a reduc- 
tion step as well as a step required to destroy the more acid impurities 
(AIC, RAICl, VCl,) in the catalyst. Thus Et;Al is probably too good a 
reducing agent and isobutylaluminum dimethoxide not good enough. 

The time of pretreatment was also critical and varied with the organo- 
metallic pretreating agent. With iso-Bu;Al-THI’, | and 20 hr. were best 
and equivalent whereas with iso-Bu;Al 0.08 hr. was best. Long aging or 
heat treatment gradually reduced catalytic activity. 


Polymerization Variables 


Activator. Omitting the iso-Bu;Al activator with the PSV catalyst 
decreases conversion and inherent viscosity of the PY ME-C about twofold 
(Table III, part A). The Et;Al, EtsAI-THF, (C.Hs)3;Al, and alkylalu- 
minum alkoxides were good activators and iso-Bu;Al-triethylamine complex 
a poor activator. 

Conversion. High polymer conversions with the PSV catalyst gave 
somewhat increased yields of PVME-C without any effect on its inherent 
viscosity (Table IV). There is an indication, based on melting point, that 
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the stereoregularity of the crystalline fraction improves with conversion. 
These results are consistent with the presence of polymerization sites of 
varying stereoregularity—the less stereoregular, more acidic ones being 
more effective early in the polymerization and then being destroyed. 

Effect of Hydrogen. The addition of hydrogen to PSV catalyst poly- 
merizations did not affect the molecular weight of the PVME-C within 
experimental variations for this system (Table III, part B). This result 
is to be contrasted with the large effect of hydrogen on the molecular weight 
of polypropylene polymerized with Ziegler catalysts.” 

Source and Nature of Amorphous Polymer. Much of the high molecular 
weight amorphous polymer obtained with the activated PSV catalyst may 
be attributed to the aluminum components of the system. Thus the com- 
bination of iso-Bu;Al and iso-Bu,AICl without the PSV catalyst gave ap- 
preciable high molecular weight amorphous polymer. The combination 
of iso-Bus;Al and EtAlCl. was even more effective in this regard (Table ITI, 
part #). This behavior may explain the difficulty in obtaining high yields 
of PVME-C since alkylaluminum chlorides are by-products of the PSV 
catalyst formation. 

It is interesting that the high molecular weight amorphous PVME 
obtained in this work with either the PSV catalyst or with trialkylalu- 
minum-alkylaluminum chloride catalysts is of much higher molecular 
weight than that obtained in any prior work. It is also unusual to obtain 
high molecular weight amorphous polymer from vinyl ethers at such high 
temperatures. This type of catalytic behavior has been shown previously 
with only two other catalyst systems. ®2! 


Other Metal Catalysts (Table V) 

Various titanium catalysts, such as the PST catalyst, ball-milled TiCl,, 
and TiCls, gave only low (0.5-1%) conversions to PYME-C. Apparently, 
titanium does not work as well as vanadium with viny!] ethers. 

An investigation of other metal chlorides when activated with iso-Bu;Al 
showed that NiCh, CrCl, and MoCl; gave small (0.2-2%) conversions to 
PVME-C. Metal chlorides which did not yield PVME-C. in identifiable 
amounts were I’eCl;, FeCh, MnCh, CoCls, SnCh, SnCl, BiCl;, and ZnCl. 
The operability of nickel is interesting, since cobalt and iron do not appear 
to work in this system, and particularly since nickel salts do not yield high 
polymer from olefins when used as the transition metal in Ziegler catalysts,”? 
where conditions are such that the nickel is reduced to the metal. In the 
author’s system, the ether diluent apparently decreases the reactivity of the 
iso-Bu;Al so that it does not reduce the NiCl, to the metal. 


Polymerization of Other Vinyl Ethers 


n-Alkyl Vinyl Ethers (Table VI) 
Of the n-alkyl vinyl ethers only vinyl ethyl gave any crystalline poly- 
mer and this was obtained only in 0.06% conversion with the PSV catalyst. 
Ball-milled VCl; alone did not give any appreciable crystalline polymer. 
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The major polymer obtained with ethyl, n-propyl, and n-buty! vinyl ethers 
with the PSV catalyst was amorphous, high molecular weight (inherent 
viscosity = 1-3) and rubbery. As in the VME work, iso-BusAICl alone 
polymerized vinyl ethyl ether to a liquid polymer. These results are ex- 
plained in a large measure by the greater ease with which these vinyl ethers 
are acid polymerized as compared with VME. Thus, the ordinary acid- 
‘atalyzed polymerization apparently occurs before the stereoregular poly- 
merization can take place to any degree. It is also probable that the stereo- 
regular polymerization is retarded by the greater steric hindrance inherent 
in the larger alkyl groups. 

The crystalline poly(vinyl ethyl ether) as well as the related crystalline 
polymers from n-propyl and n-butyl vinyl ethers have been obtained in 
substantial conversion with some new, more stereospecific catalysts.!2~" 


Branched Alkyl Vinyl Ethers (Table VI) 


The polymerization of various branched alkyl vinyl ethers with the 
PSV catalyst gave low conversions (0.5-4%) to highly crystalline polymers. 

The author’s crystalline poly(vinyl isobutyl ether) was evidently of 
much higher crystallinity than reported heretofore. It had the same x-ray 
pattern as reported for Schildknecht’s polymer®* and was thus isotactic. 
However, it was insoluble in solvents such as benzene and n-heptane which 
dissolve Schildknecht’s polymer and also Natta’s® higher crystallinity 
poly(vinyl isobutyl ether). The author’s high, 170°C., melting point, 
compared with Natta’s® 110°C. melting point, is also in accord with a more 
stereoregular polymer. As with VME, the amorphous polymer was of 
high (2.5) inherent viscosity. It was shown that possible aluminum com- 
ponents of the catalyst, i.e., iso-Bu;Al plus EtAlCh, can yield such amor- 
phous polymer. 

High crystallinity, high-melting, presumably isotactic polymers which 
had not been reported heretofore were obtained from isopropyl, fert- 
butyl, and neopentyl vinyl ethers (Tables VI and VII). These polymers 
are all insoluble in heptane and all, except for poly(isopropyl vinyl] ether), 
are insoluble in benzene. The author’s crystalline poly(isopropyl vinyl] 
ether) (191°C. melting point) is evidently a much more stereoregular 
polymer than the heptane-soluble, 98°C. melting point product of Dall’- 
asta and Oddo." It is apparent that side chain branching raises the melt- 
ing points of the crystalline poly (alkyl vinyl ethers) as it does with the cor- 
responding crystalline polyolefins.‘ 

The lower yields of stereoregular polymer with the branched alky! vinyl 
ethers as compared with vinyl methyl] ether is probably, as with the n-alky] 
vinyl ethers, due to the greater ease with which these monomers acid poly- 
merize, and perhaps also due to a retardation of the stereoregular poly- 
merization by the bulky branched alkyl group. 


Polymerization of Allyl Ethers 


The PSV catalyst did not polymerize either ethyl or tert-butyl allyl 
ethers (Table VI). This behavior is evidence that the vinyl ethers poly- 
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STEREOREGULAR POLYMERIZATION 


merize by a special cationic mechanism rather than by the mechanism 
(anionic) considered likely for 1-olefins with Ziegler catalysts. 


Characterization of Crystalline Poly(vinyl Methyl Ether) 
General 


Crystalline poly(vinyl methyl ether) gives a sharp and characteristic 
x-ray diffraction pattern (Table VII). This pattern is similar to that re- 
ported by Okamura et al.” for Schildknecht’s type of PVME-C which 
Okamura’s work indicates to be isotactic. Bassi? has also reported similar 
x-ray data for isotactic poly(vinyl methyl] ether). 

The properties of PVME-C discussed below are those of the room-tem- 
perature alcohol-insoluble fraction as isolated directly from the polymeri- 
zation mixture unless otherwise noted. Crystalline poly(vinyl methyl] 
ether) is soluble in chloroform and methylene chloride at room tempera- 
ture. It is insoluble at room temperature in alcohols (methanol and eth- 
anol, highly swollen), benzene (highly swollen), cyclohexanone (highly 
swollen), and n-heptane. It is soluble in many hot solvents such as boiling 
benzene and cyclohexanone. It is only partly soluble in boiling methanol 
the more crystalline fraction being insoluble. 

The difference in solubility behavior between the author’s PVME-C and 
Schildknecht’s type is not due to a molecular weight difference. Thus 
the author has obtained his alcohol-insoluble PV ME-C at inherent viscosi- 
ties (0.1) considerably below that of Schildknecht’s polymer (0.6). The 
difference between these two polymers is obviously due to a large difference 
in stereoregularity. 

The crystalline melting point of PVMK-C, based on a birefringence 
method, varies from about 112°C. to about 144°C., usually in the 120 to 135 
range. The variations observed are certainly due to such factors as (a) 
variations in degree of isotacticity, (L) presence of stereoblock fractions, (c) 
poor separation of crystalline and amorphous polymer, and (d) imperfect 
recrystallization. The high melting points have been confirmed by strength 
measurements as a function of temperature. Zero strength temperatures 
as high as 140°C. have been obtained after orientation. 


Infrared Spectra and Crystallinity Determination 


Crystalline poly(vinyl methyl ether) and its atactic, amorphous counter- 
part (PVME-A) give characteristic infrared spectra as pressed or solvent- 
cast films. The ether band is, of course, a major one. There is generally 
only a trace of hydroxyl (H2,O?), and no detectable vinyl, vinylidene, or 
trans- or cis-vinylene groups. Crystalline poly(vinyl methyl ether) has a 
spectrum similar to that of PVME-A except that some bands are sharper, 
more intense, and shifted somewhat (Table VIII). Since there are bands 
present which are characteristic only of the amorphous polymer (especially 
at 12.65 uw) and also bands characteristic only of the crystalline polymer 
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TABLE VIII 
Major Infrared Absorption Bands of Crystalline and Amorphous PVME 











Amorphous, » Crystalline, » 
7.78 Weak 7.75 Weak 
8.00 Weak 7.95 Weak 
9.90 Weak 10.05 
10.55 Weak 10.33 
11.90 Weak 12.13 
12.65 12.42 

(especially at 12.13 «), an absolute “‘per cent crystalline” measurement was 


obtained from the infrared spectra of a solvent-cast film. Similar crys- 
tallinity results (within 10°) were obtained by an x-ray analysis slowly 
cooled compression molded disks. 

High molecular weight PVME-A prepared with the PSV catalyst has the 
same infrared spectrum as low molecular weight PVME-A (viscous liquid) 
prepared by the low-temperature BI;-catalyzed polymerization. The 
two types of amorphous polymer are thus similar, the main difference being 
one of molecular weight. 

In methylene chloride solution both PVME-C and PVME-A have the 
same infrared spectra; this behavior is usual for an isotactic polymer as 
compared with its atactic counterpart and has been observed by Schild- 
knecht‘ for crystalline poly(vinyl isobutyl ether). 


Fractionation 


Typical PVME-C prepared with the PSV catalyst was fractionated by 
means of its insolubility in methanol under various conditions (Table LX). 


— INITIAL MELT ---- AFTER MELTING AND COOLING TO 50°C. 


134 
8 65°C. INSOL. 
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Fig. 2. Differential thermal analysis of PVME-C fractions from CH,OH. 
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These data show this product to be very heterogeneous with regard to 
molecular weight and crystallinity. In addition to various crystalline 
fractions it contains 18°% of largely amorphous, methanol-soluble polymer. 

The most crystalline fraction was insoluble in boiling methanol. It 
was 26° % of the total, 47° crystalline by the usual infrared method, and 
64°% crystalline by DTA (lig. 2). It was of high inherent viscosity (11.5). 
It had the same x-ray diffraction pattern as the whole product and a crys- 
talline melting point of 144°C. Its higher density (1.092) was in keeping 
with its higher crystallinity. This is evidently a more perfectly isotactic 
fraction. Other high crystallinity but lower melting fractions were ob- 
tained after separating out the hot methanol-insoluble fraction by permit- 
ting the methanol solution to crystallize at room temperature and then at 
3°C. The large difference in melting behavior of these fractions is well 
illustrated by their DTA curves (lig. 2). The lower melting fractions 
must have substantial amounts of stereoblock structure. 

Even more unusual stereoblock fractions were obtained from the dried, 
isolated cold methanol-soluble polymer by attempting to redissolve it in 
methanol at 25°C. This gave additional 25°C. methanol-insoluble poly- 
mer. The first such fraction (No. 4) was 7°% of a rubber which had high’ 
strength on stretching. In addition, its crystallinity changed with time 


TABLE IX 
Methanol Fractionation of PV ME-C* 


(In »,) Cryst., X-ray M.p.,° 


Fraction ( %> cryst °C. —- Density4 


1. 65°C. insoluble 17* High 144 1.092 
2. Crystallized at : : 14 High 32 1.085 
25°C.! 
3. Crystallized at ¢ 5.8 Moder- 117 
3°C.e ate 
First 25°C. in- 5. 2: i Moder- 
soluble" ate 
5. Second 25°C. in- 
soluble 
16. Residual soluble, 18 
25°C. 
* (In »,)/C—7.5, 31% erystalline; fractions numbered in order of isolation 
» Crystallinity of total product, caleulated from crystallinity of fractions, 310°. 
© Based on DTA, Fig. 2. 
4 See Footnote a, Table X. The density of PVME-A is reported as 1.05 (see ref. 27). 
© 64% erystalline based on DTA, Fig. 2. 
f Three days after removing 65°C. insoluble. 
® After 25°C. crystallization, crystallized eleven days at 3°C. 
h Soluble from previous fraction, dried and redissolved at 25°C. to give an additional 
insoluble fraction. 
i Rubbery with high strength on stretching; washed with 10°) NaOH in 50°, CH3OH 
and then neutral with CH;0H to remove excess Santonox 
i Initial value determined in usual way on cast film soon after preparation; final value 


after seven days at 25°C. 
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additional amount (4%) of a similar 25°C. methanol-insoluble fraction 
(No. 5) was obtained. This fraction exhibited even more unusual crystal- 
lization behavior. In the infrared method, the initial crystallinity, shortly 
after the film was cast, was only 3% but after seven days at room tempera- 
ture, it increased to 26%. Schildknecht** previously suggested that his 
crystalline poly(vinyl isobutyl ether) might be an analogous block copoly- 
mer. In fact, Schildknecht’s type of PVME-C which was 3% crystalline 
by the author’s usual crystallinity method increased to 9% after nine days 
at room temperature. Natta et al.° have also presented evidence that 
their crystalline poly(vinyl isobutyl ether) polymers are stereoblock poly- 





from 22% initially to 30% after seven days. On repeating this process, an 













mers. 


Mechanical Properties 





Crystalline poly(vinyl methyl! ether) has mechanical properties typical of 
a highly crystalline polymer (Table X). The total, methanol-insoluble 
polymer as isolated has properties much like low density polyethylene. 
It orients readily by cold drawing, showing typical necking down behavior, 













TABLE X 
effect of Crystallinity, Water, and Orientation on Mechanical Properties of PVME-C* 








Total aleohol insoluble 


; — —___ Methanol 
At Water insoluble at 
50°, R.H.> swollen® Oriented4 50% R.H. 




















Tensile strength, psi 3,000 1,300 8,700 3,900 
Ultimate elongation, ©; 450 180 46 30 
Tensile modulus, psi 12,000 8,200 23 ,000 42,000 
Yield stress, psi 1,220 None — 








Yield strain, ©; ; ca, 29 None 





Solvent Absorption,’ 









Water 30 4.8 
Heptane 1] 14 
Dioxane 298 60 
Methanol 52 21 
Methyl ethyl ketone ca. 200 32 
Benzene Very high 54 
Density, 23°C. 1.078 1.092 
Crystallinity 32 47 
Melting point, °C. 127 127 
(In 9,)/C 6.8 11.5 








‘As compression-molded, 10-mil. films. Pressed 5 min. at 350 psi, 145°C., then 






cooled to room temperature. Properties measured at 23°C. and 50% R.H. in un- 





oriented state unless otherwise specified. 

b 1.59% HeO; at 100° R.H., 5% H2O. 

© At 25°C., absorbed 25°; H.O. 

4 Oriented by drawing 400% at room temperature; set for 2 min. at 60°C. 
e 24 hr., 23°C. 
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to give high tensile strength. In the oriented state it shows somewhat more 
rubberlike extensibility than oriented low density polyethylene. It is, 
of course, much less solvent resistant than low-density polyethylene. The 
second-order transition temperature as determined by a dilatometric 
method on the total polymer was —21°C. 

The hot methanol-insoluble fraction of the total polymer has significantly 
better mechanical properties than the total polymer, is stronger, stiffer, 
less extensible, and much more solvent resistant. This difference is no 
doubt due to the higher crystallinity of this fraction rather than to dif- 
ferences in molecular weight. Higher crystallinity levels should give even 
better properties. 


CONCLUSIONS 


New highly crystalline, presumably isotactic, high molecular weight 
polymers, were prepared at 30°C. from methyl, ethyl, isopropyl isobutyl, 
tert-butyl, and neopentyl vinyl ethers with specially prepared low valent, 
insoluble, crystailine transition metal chloride catalysts. Of the operable 
transition metals, titanium, vanadium, chromium, molybdenum, and nickel, 
vanadium gave the best catalysts. The most effective vanadium cat- 
alyst, the PSV catalyst, was obtained by pretreating a synthetic VCls, 
prepared by reacting Et;Al and VCl, in stoichiometric proportions, with 
triisobutylaluminum, preferably as the tetrahydrofuran complex. For 
optimum results, this catalyst had to be delicately balanced to avoid 
ordinary acid polymerization to atactic polymer and was preferably used 
in ether diluent. 

It is unusual to obtain highly stereoregular vinyl ether polymers of high 
molecular weight at room temperature. It was also unexpected that 
vinyl methyl ether gave, among these various linear and branched alky! 
vinyl ethers, the most stereoregular polymerization and highest molec- 
ular weights. This is contrary to Schildknecht’s BI;-etherate studies 
in which vinyl isobutyl ether gave the most stereoregular polymerization.'~* 

The author’s crystalline methyl and isobutyl vinyl ether polymers had 
x-ray diffraction patterns similar to Schildknecht’s but were of a much 
higher degree of crystallinity. They had greatly improved mechanical 
properties and solvent resistance. The author’s crystalline poly(viny] 
methyl ether) was insoluble in cold water and methanol whereas polymer 
prepared by Schildknecht’s method (inherent viscosity, 0.6) was soluble 
in these solvents and was rubbery in nature. 

Crystalline poly(vinyl methyl ether) has properties qualitatively like 
those of low density polyethylene, except for having more rubberlike 
extensibility, being higher melting (up to 144°C.) and being more swollen 
by a variety of solvents. Evidence is presented for the presence of stereo- 
block structures in at least some fractions of the product. It is probable 
that stereoblock structures occur in other fractions including those which 


appear to be largely amorphous. 
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Mechanisms 










The mechanism aspects of these unusual stereoregular vinyl ether poly- 
merizations merit comparison with the highly stereoregular polymeriza- 
tions of 1-olefins with similar transition metal catalysts as well as with the 







previously known viny] ether polymerizations of Schildknecht. 

With 1-olefins, polymer growth occurs at a metal-carbon bond at ordi- 
nary temperatures and appears to require a rather special solid surface. 
Such a process can be described, based on polymer growth at a negative 
chain end which is in close association with a metal atom, as an anionic 









insertion polymerization. More specific descriptions, such as “coordi- 
nated anionic polymerization,” have also been widely used,**! although 
direct evidence for the coordination aspect is not available. 

In the previously known vinyl ether polymerizations involving an 
ordinary acid catalyst, BI’;-etherate, at low temperatures, polymer growth 
evidently occurs at a cationic chain end which is in loose association with 










a negative counterion and is considered to be closely related to an ordi- 
nary cationic polymerization. Such a process does not give stereoregular 
polymerizations with 1-olefins such as propylene. This result is certainly 
due in part to the high reactivity of the intermediate carbonium ions from 
such olefins (stabilized by the ether oxygen in the case of alkyl viny] ethers) 
which facilitates carbonium ion rearrangements and chain transfer reactions 
to give branched polymers.*?:** Why an ordinary cationic process should 
give any stereoregular polymerization with vinyl ethers is not immediately 
obvious. In addition, Okamura et al.” have shown that such vinyl ether 
polymerizations can proceed in homogeneous solution. Also, all ordinary 












acid catalysts do not give stereoregular polymerizations, e.g., BI';! and 
SnCl,** do not. One explanation, presented recently by Cram and Ko- 
pecky® and also by Bawn and Ledwith” is that the stereoregular poly- 
merization involves a growing oxonium ion formed most reasonably as a 
six-membered ring by the interaction of the carbonium ion with the ether 
oxygen of the next to the penultimate monomer unit in the growing chain. 
This postulate is reasonable, since oxonium ions appear to be intermediates 
in the polymerization of cyclic ethers such as tetrahydrofuran and Friedel- 
Crafts catalysts. In addition, Vandenberg*’ has presented evidence that 
an intermediate oxonium ion is involved in the stereoregular polymeriza- 
tion of certain epoxides. It is perhaps not too surprising that, in such a 












mechanism, vinyl isobutyl ether gives a more stereoregular polymerization 
than vinyl methyl ether due to the much greater steric hindrance of the iso- 
butyl group compared with the methyl group. 

Natta’s polymerization of vinyl ethers with the “modified Triedel- 
Crafts catalysts” have been presented as examples of a “coordinated 









cationic polymerization’”’.‘ However, these catalysts more probably 






polymerize by essentially the same cationic mechanism as that involved in 
Schildknecht’s work. Natta’s. polymerizations have all the important 
characteristics of such a mechanism, i.e., low temperatures are essential, 
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polymerizations are still fairly rapid and can be homogeneous, stereo- 
regularity, although improved is not outstanding, and molecular weights 
are not exceptionally high. In addition, Natta’s catalyst and conditions 
were applied to vinyl methyl ether (toluene diluent, —78°C., Et.AICl 
‘atalyst)® and no crystalline polymer was obtained (12% conversion to a 
methanol-soluble tacky rubber). Certainly, Natta has greatly improved 
Schildknecht’s process by using weaker cationic catalysts which apparently 
also provide more favorable counterions for stereoregular polymerization. 
The important role of the counterion is ordinary acid polymerization has 
been recognized for some time and is discussed by Plesch et al.** 

In contrast to conventional acid catalysts, the author’s PSV catalyst 
appears to polymerize by a new and different mechanism. This conclusion 
is supported by the very high stereoregularity, very high molecular weights, 
and low rates at ordinary temperatures, and also by the fact that vinyl 
methyl ether works better than any other vinyl ether. It is proposed that 
the PSV catalyst polymerizes vinyl ethers by a cationic insertion mecha- 
nism rather than by the anionic insertion mechanism involved in polymeriza- 
tion of 1-olefins with similar Ziegler-type transition metal catalysts. [acts 
which support the cationie nature of this polymerization are: (a) certain 
initially organometallic-free, acidic transition metal compounds (VCl,, 
VChk, TiCl;, TiCls) give low yields of crystalline polymer, and (b) the best 
catalysts are definitely somewhat acidic in nature, since small amounts of 
amines are detrimental. I’acts contrary to an anionic insertion mechanism 
are: (a) hydrogen exerts little effect on molecular weight, and (b) the PSV 
catalyst does not work on allyl ethers. Describing the mechanism as one 
of the insertion types implies the growing cation is a very tight ion pair, 
which perhaps is also very hindered sterically, so that monomer addition 
is a relatively slow process compared with ordinary cationic polymeriza- 
tion. Although the PSV system does appear to involve polymerization at 
a solid surface, it does not appear reasonable to assume this is the only 
new factor required over Schildknecht’s or Natta’s catalysts to explain the 
author’s results. Certainly, a relatively free cation such as may be in- 
volved with ordinary acid catalysts, even though bound to a solid surface, 
should still undergo many of the usual deleterious side reactions of such 
‘ations at high temperatures. 

Such a cationic insertion polymerization may be initiated by a proton 
which is present, as in conventional acid polymerization, from the inter- 
action of active hydrogen impurities (water, alcohol, ete.) with Lewis acid 
centers.** This initiating proton is bound to a negative counterion which 
has some unusual characteristics. It is proposed that the unusual factor 
may be the presence, in the counterion, of transition metals and/or alu- 
minum which are in the proper geometric disposition to provide a number of 
coordination sites. Such sites can coordinate with the ether oxygen of the 
growing cation, which it is presumed, in this case is more reasonably a 
vinyl ether carbonium ion and not an oxonium ion, to provide a tighter, 
more hindered ion pair. It is possible that the entering monomer unit 
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Fig. 3. Schematic representation of the propagation step. 


also coordinates with the metal. This coordination would more reason- 
ably involve the ether oxygen of the monomer rather than its double bond, 
as has been postulated for olefin polymerization with transition metal 
catalysts. *! 

One schematic representation of the propagation step in such a mecha- 
nism is shown in Figure 3. The growing positive chain end is bound to a 
negative counterion as the chloride ion, Cl. This chloride ion is, in turn, 
coordinated to the metal atom M, (presumably vanadium in this case). 
The growing chain is held in a fixed position by having its last ether oxygen 
coordinated to another metal atom, Ms, which in turn is joined to the 
first metal atom by the bridging atom X (Cl or —OR) through one co- 
valent and one coordinate bond. This step should make the carbonium 
ion more reactive and indeed may be required to facilitate attack on 
monomer as well as to fix the steric configuration of the carbonium ion. 
Vinyl ether monomer then may coordinate through its oxygen with M;. 
This monomer is then attacked by the activated carbonium ion and Cl, to 
yield the propagation step in which coordinate bonds are shifted to main- 
tain the valence of M; and My. Coordinate bond A is broken and re- 
placed by coordinate bond B. The site of coordinate bond A is then 
available for the next monomer unit. Monomer coordination, of course, 
may occur simultaneously with propagation in a concerted mechanism. 
In this mechanism M, and Mz, would preferably be the same metal in the 
same valence state; similar mechanisms may be written involving two 
different metals or the same metal in different valence states. 

Such a mechanism can explain the results obtained with the PSV catalyst. 
In this case M,; and M, are probably located in the surface of the insoluble 
part of the PSV catalyst and are most likely V(II), although V(II) or 
aluminum cannot be excluded. It is probable that AICI, or alkylalu- 
minum dichloride beneath the surface of the PSV catalyst increases the 
Lewis acid character of the vanadium. (Alternatively, the vanadium 
halides may decrease the acidity of the aluminum centers.) Such desirable 
components of the catalyst may be destroyed by excessive aging or by the 
use of the more reactive reducing agents. The rather restricted steric 
requirements involved in this mechanism would certainly promote a 
stereoregular polymerization. Molecular models indicate the product 


would be isotactic. 
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Most important, this mechanism would indicate why VME gives 
much more stereoregular polymerization than the higher alkyl vinyl 
ethers. Since we are postulating coordination on the vinyl ether oxygen, 
a larger alkyl group than methyl would certainly interfere with the vinyl 
ether and/or its polymer coordinating with the catalyst. It is also easy 
to see how stereoblock polymers are readily obtained. Thus, after chain 
growth occurs for a while at a stereoregular site, the growing chain end 
may shift to another chloride ion where the steric and coordination sit- 
uation is not as favorable. Alternatively a favorable but somewhat loose 
catalyst coordination complex may be broken down by solvent, monomer, 
or polymer attack so that the polymerization is no longer stereoregular. 
The favorable influence of ethers and alkoxides on polymerization rate 
probably results largely from their ability to coordinate with the catalyst. 
This interaction may cause a decrease in the particle size of the catalyst, 
facilitate desorption of the polymer from the catalyst surface, and moderate 
the acid-base behavior of the catalyst. In addition, alkoxides may enter 
the catalyst structure to provide a favorable metal bridging group (X, 
Fig. 3). This mechanism is also in accord with the operability of a lower 
valent transition metal such as vanadium which can provide a number of 
coordination sites. It is emphasized that although the mechanism pre- 
sented in Figure 3 is a reasonable possibility it is certainly not the only 
possibility. Similar mechanisms can be written involving only one metal 
atom or more than two metal atoms. A similar mechanism is probably 
involved with the even more stereoregular metal sulfate catalysts!*" - 
sulfate apparently being a much more favorable counterion than chloride. 

To assign the exact mechanism to stereoregular vinyl ether polymeriza- 
tion, it is necessary to know more about the intimate details of the propaga- 
tion step. Assuming a carbonium ion-counterion pair is involved in the 
propagation step, does this ion pair add cis or trans to the vinyl ether, and 
does the carbonium ion retain or invert its configuration when it adds to 
vinyl ether?‘! | There is no direct evidence available on either of these 
points for any vinyl ether polymerization. Natta’s crystalline propenyl 
ether polymers, prepared with the same modified Friedel-Craft catalysts 
used on vinyl ethers, have a structure in accord with an overall cis addi- 
tion.*® This result does appear to narrow down tlie possibilities for an 
ordinary cationic vinyl ether polymerization to two, i.e., cis addition of the 
ion pair to the vinyl ether with retention of configuration of the adding 
‘-arbonium ion or trans addition of the ion pair with inversion of configura- 
tion of the adding carbonium ion. The mechanism shown in Figure 3 for 
the PSV catalyst is designed for cis addition of the carbonium ion and coun- 
terion to the vinyl ether with retention of configuration of the adding car- 
bonium ion. Related mechanisms could be written which involve trans 
addition and /or inversion of configuration. 


The author is indebted to Drs. C. C. Price, S. Winstein, and H. G. Tennent for dis- 


cussions on the mechanism aspects, to Dr. R. F. Heck for his preparation of the vinyl 
ether polymers by Schildknecht’s procedure for comparison with our products, to Dr. 
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H. H. Espy, Dr. R. F. Goddu, and Mrs. A. J. Graupner for the analytical data on the 
PSV catalyst, and to Mrs. N. Conner for the synthesis of allyl tert-butyl ether. He is 
also indebted to Mr. J. Gailey for working out the infrared crystallinity determination 
for PVME-C, to Dr. F. Wetzel and Mr. W. Weldy for the mechanical property data, 
and to Dr. R. Suchanee for the DTA studies. The second-order transition tempera- 


ture of PVME-C was determined by Mr. R. Cooke. 
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Synopsis 


New highly crystalline, presumably isotactic, high molecular weight polymers were 
prepared from methyl, ethyl, isopropyl, isobutyl, tert-butyl, and neopenty] viny] ethers. 
These polymers were synthesized with unique, low valent, insoluble transition metal 
chloride catalysts at 30°C. in ether diluent. The most effective catalyst (PSV catalyst) 
was obtained by pretreating a synthetic VCl;, prepared by reacting EtsAl and VCl, 
in stoichiometric proportions, with triisobutylaluminum, preferably as its tetrahydro- 
furan complex. This catalyst gave the most stereoregular polymerization and highest 
molecular weight with vinyl methyl ether—giving up to 41°% conversion and 52% yield of 
highly crystalline polymer of 4—10 inherent viscosity. This behavior is very different 
from Schildknecht’s BF;-etherate work in which vinyl isobutyl ether gave the most 
stereoregular polymerization and low temperatures were required. These new crys- 
talline methyl and isobutyl vinyl ether polymers have x-ray diffraction patterns similar 
to those of Schildknecht’s polymers but are of a much higher degree of crystallinity. 
With poly(vinyl methyl! ether), crystallinities as high as 64°% were obtained, whereas a 
polymer prepared by Schildknecht’s method was only 3% crystalline, was rubbery and 
was soluble in cold water and methanol. The author’s polymers have good mechanical 
properties (much like low-density polyethylene) and good solvent resistance (insoluble 
in cold water and methanol). Evidence is presented for stereoblock structures in some 
fractions of our poly(vinyl methyl ether). Evidence is also presented which indicates 
that the stereoregular polymerization of vinyl ethers with the PSV catalyst occurs by a 
cationic insertion mechanism. It is proposed that a key feature of such a mechanism 
may be a coordination of the ether oxygen of the growing carbonium ion and/or of the 
monomer with a coordinating metal. This is probably the first good example of such a 
cationic insertion polymerization as contrasted with the well-known anionic insertion 
polymerization of olefins with Ziegler catalysts. 


Résumé 


On a préparé de nouveaux polyméres de haut poids moléculaire, de cristallinité 
élevée, vraisemblablement isotactiques 4 partir d’éthers vinyl-méthylique, isopropylique, 
isobutylique, tert-butylique et néopentylique. Ces polyméres sont synthétisés au 
moyen des chlorures de métaux de transition, de valence faible, insoluble, comme 
catalyseurs 4 30°C dans |’éther comme diluant. Le catalyseur le plus effectif (catalyseur 
PSV) s’obtient par prétraitement de VCl; synthétique, préparé par réaction de Alt, 
et VCl, en proportions stoéchiométriques avec le triisobutylaluminum, de préférence 
sous la forme de son complexe avee le tétrahydrofuranne. Ce catalyseur donne la 
polymérisation la plus stéréorégulitre et le poids moléculaire le plus élevé avee |’éther 
méthylvinylique donnant au-dessus de 41°% de conversion et 52° de rendement un 
polymere de haute cristallinité de viscosité intrins¢que de 4-10. Ce comportement est 
trés différent du travail de Schildknecht sur l’éthérate de BF; dans lequel |’éther iso- 
butyl-vinylique donne, aux basses températures, la polymérisation la plus stéréorégu- 
litre. Ces nouveaux éthers polymériques cristallisables méthylique et isobutylique 
montrent des réseaux de diffraction de rayons-X semblables ‘Xk ceux des polyméres de 
Schildknecht, mais sont d’un degré beaucoup plus élevé de cristallinité. Avee l’éther 
polyméthyl-vinylique, des cristallinités aussi élevées que 649% sont obtenues, tandis 


quw’un polymére préparé par la méthode de Schildknecht n’est seulement que 3% cris- 
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tallin, est caoutchouteux et soluble dans l’eau froide et le méthanol, Nos polyméres ont 
de bonnes propriétés mécaniques (tres semblables au polyéthyléne de faible densité) 
et une bonne résistance au solvant (insoluble dans l'eau froide et le méthanol). II est 
probable que des structures stéréobloes se présentent dans quelques fractions de nos 
éthers polyméthyl-vinyliques. Cela indique que la polymérisation stéréoréguliére 
des éthers vinyliques par le catalyseur PSV se produit par un mécanisme d’insertion 
cationique. On propose que le caractére majeur d’un tel mécanisme peut étre une 
coordination de l’oxygéne de |’éther d’un ion carbonium en croissance et/ou du mono- 
mére avec un métal 4 pouvoir de coordination. Ceci est probablement le premier bon 
exemple d’une telle polymérisation par l’insertion cationique comme opposée a la poly- 
mérisation par l’insertion anionique bien connue des oléfines par les catalyseurs de 


Ziegler. 
Zusammenfassung 


Neue, hochkristalline, wahrscheinlich isotaktische, hochmolekulare Polymere wurden 
aus Methyl-, Athyl-, lsopropyl-, Isobutyl-, tert-Butyl- und Neopentylvinylither dar- 
gestellt. Diese Polymeren wurden mit ungewohnlichen, unléslichen Ubergangsmetall- 
chloriden niedriger Wertigkeitsstufe als Katalysatoren bei 30°C in iitherischem Medium 
synthetisiert. Der wirskamste Katalysator (PSV-Katalysator) wurde durch Vor- 
behandlung eines synthetischen, aus AtsCl und VCl, in stéchiometrischem Verhiiltnis 
dargestellten VCl; mit Triisobutylaluminum, vorzugsweise als Tetrahydrofurankomplex, 
erhalten. Dieser Katalysator lieferte mit Vinylmethylither die héchste Stereospezi- 
fitait und das héchste Molekulargewicht und einen Umsatz bis zu 41% und 52° % Ausbeute 
an hochkristallinem Polymeren mit einer Viskositiitszahl von 4-10. Dieses Verhalten 
unterscheidet sich sehr stark von dem bei den Versuchen vor Schildknecht mit BF;- 
Atherat, wo Vinylisobutylither die Polymerisation mit der héchsten Stereospezifitét 
lieferte und neidrige Temperaturen erforderlich waren. Die neuen kristallinen Poly- 
meren von Methyl- und Isobutylvinylither zeigen iihnliche Réntgendiagramme wie die 
Polymeren von Schildknecht, besitzen aber einen viel héheren Kristallinititsgrad. 
Bei Polyvinylmethylither wurde bis zu 64% Kristallinitét erhalten, wihrend ein nach 
der Methode von Schildknecht hergestalltes Polymeres nur zu 3% kristallin, kaut- 
schukartig und in kaltem Wasser und Methanol léslich war. Unsere Polymeren haben 
gute mechanische Eigenschaften (in vieler Beziehung fhnlich Polyithylen niedriger 
Dichte)und gute Lésungsmittelbestindigkeit (unléslich in kaltem Wasser und Methanol). 
Bei einigen Fraktionen unseres Polyvinylmethylithers bestehen Anzeichen fiir eine 
Stereoblockstruktur. Hinweise auf einen kationischen Insertionsmechanismus der 
stereospezifischen Polymerisation von Vinylithern mit dem PSV-Katalysator werden 
gegeben. Es wird angenommen, dass der Schliisselpunkt eines solchen Mechanismus 
eine Koordination des Athersauerstoff des wachsenden Carboniuminons und des Mono- 
meren mit einem koordinationsfihigen Metall ist. Wahrscheinlich liegt hier das erste 
gute Beispiel einer solchen kationischen Insertionspolymerisation als Gegenstiick 
zur wohlbekannten, anionischen Insertionspolymerisation von Olefinen mit Ziegler- 


Katalysatoren vor. 
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Ziegler Polymerization of Olefins. I. Dependence on 
Structure of the Metal Alkyl and the 


Transition Metal Compound 


J. BOOR, JR., Shell Development Company, Emeryville, California 


INTRODUCTION 


In a study of the influence exerted by the metal alkyl structure and 
the crystalline structure of the titanium chlorides on stereospecificity in 
the polymerization of a-olefins, Natta and his co-workers! concluded: 
(1) That single active centers were substantially the same for the catalysts 
utilizing the a, y, and 6 forms of the TiCl; whether or not AICI; was present 
in solid solution; (2) That the stereospecificity of the catalytic systems 
examined depended on the organometallic compound. The following 
order of stereospecificity was assigned: AlEt.I > AIEt.Br > BeEt. = 
AIEtsCl > AIEt;; (3) That the unique behavior of the 8 modification was 
due to its different crystalline structure, i.e., a polymeric chain vs. layer 
structure. Natta and his co-workers further concluded that variations 
in the number of active sites was responsible for the observed differences 
in overall polymerization rate. 

In an earlier publication Natta, Pasquon, and Giachetti? attributed 
the formation of polymers of low specificity to catalysts of varying dis- 
persity and stability. Catalysts of this type would possess sites of different 
capacities to orient the a-olefin during the polymerization. 

That isolated sites on the catalyst surface possess the same or different 
stereoregulating capacities has also been discussed by others to rationalize 
the results of polymerization and copolymerization studies with different 
catalysts.*~® 

The present polymerization studies utilizing ZnEt.,, ZnEtCl, and CdEte 
in combination with titanium chlorides of varying structure are consistent 
with the view that isolated sites possess different stereoregulating ca- 
pacities. The results further indicate that the structure of both the metal 
alkyl compounds and the titanium chlorides have an important influence 
upon the number, activity, and specificity of the active sites. 

Thus variations in specificity and other polymerization features were 
obtained when each of the different titanium chlorides was employed with 
a given cocatalyst as well as when a given titanium chloride was used with 
different cocatalysts. 

Beyond showing that the nature of the polymerization site is determined 
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by both catalyst components, the present studies shed little new light 
upon their detailed structure. However, these investigations did serve 
as the foundation for subsequent investigations’: which do provide the 
basis for a sharper definition of the active centers. 


Methods of Characterizing the Catalyst Systems 


Changes in activity, specificity, and polymer molecular weight were 
noted in order to characterize the different catalyst systems and to de- 
termine the effect of reaction variables. 

Catalyst activity was measured by determining the weight °% conversion 
(100 X g. polymer formed/g. monomer charged) obtained under specific 
conditions. An index of stereospecificity was obtained in two ways: 
(1) ratio of absorbances at 10.02 and 10.28 u, I.R. film! and (2) the % 
weight of polymer not extractable by boiling heptane.'* To follow the 
changes in molecular weight, intrinsic viscosities were measured at 150°C. 
in decalin. Detailed descriptions of the procedures used are given in the 
Experimental Section. 


Titanium Chlorides 


Five titanium chlorides having various crystalline forms were chosen 
for this study. All of these crystalline forms in combination with alumi- 
num alkyls have been investigated by others.'+'* 


TABLE I 


Titanium Chlorides Investigated 





Titanium chloride* Structure Color Preparation 


a-TiCl;” Layer Dark purple Hz + TiCh, > 800°C. 

Al,Ti,Cl,-A° Layer Light purple Al(powder) + TiCh 

Al, Ti,Cl.-70/160 Yellow black LAIEts + 1TiCl,, 70 
and 160°C. 

g-Al, Ti, Cl,-254 Fiber Brown 1AIEts + 3TiCh, 25°C. 

y-Al,Ti,Cl.-160 Layer Medium purple LAIEts + 3TiClh, 160°C. 


* Subscripts designate relative moles of atoms, z = 0.8 to 1.0, y = 3, and z = 9 to 12. 


This nomenclature is used to differentiate these compounds from the aluminum free 
forms which can be prepared from the decomposition of CH;TiCl,. 

» A commercial product of N. J. Zine Company and Stauffer Chemical Company. 

¢ Acommercial product of Stauffer Chemical Company. 

4 X-ray determinations reveal y form in very small amounts. '* 

© >95°  y content shown by x-ray determinations." 


=XPERIMENTAL RESULTS 


The dependence of the polymerization process on the various crystalline 
forms of titanium chloride as some of the reaction parameters (concentra- 
tion of ZnEte, ZnEtCl, and CdEte, propylene pressure, reaction time, and 
temperature) were varied, was studied. 
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Dependence on Concentration of ZnEt., ZnEtCl, and CdEt, 


Changes in the weight-°;-conversion, infrared ratio (index of crystal- 
linity), and intrinsic viscosity were observed when the concentration of 
the metal alkyl was varied within the range of 0.005—0.4 mole 1. heptane. 


Changes in Activity 


Catalyst activity was markedly dependent on the concentration of 
ZnEte with all five titanium chlorides (ligs. 1 and 4). In all cases maxi- 
mum activity was attained only when high concentrations of Znkt. were 
employed, e.g.. 0.05 moles ‘liter with y-Al,Ti,Cl.-160 and about 0.120 
mole liter with Al,Ti,Cl,-70/160 modification. In contrast it has been 
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Fig. 1. Dependence of conversion on ZnEtz concentration. Conditions: 8 oz. bottle, 
100 ml. heptane, 20 hr. at 50°C., and 28 g. propylene. 
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Fig. 2. Dependence of infrared ratio (index of crystallinity) on Znket, concentration. 
Conditions: 8 oz. bottle, 100 ml. heptane, 20 hr. at 50°C., and 28 g. propylene. 
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[7 | Intrinsic Viscosity dl/g 
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Mole ZnEt, per Liter Heptane 
Dependence of intrinsic viscosity (index of molecular weight) on ZnEts concen- 


Fig. 3. 
8 oz. bottle, 100 ml. heptane, 20 hr. at 50°C., and 28 g. propylene. 
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Fig. 4. Influence of ZnEt. concentration on conversion and intrinsic viscosity. Condi- 
tions: 8 oz. bottle, 100 ml. heptane, 20 hr. at 50°C., and 28 g. propylene except curve B 
and D where the conditions were: Magne Dash autoclave, 70°C., 130 psig propylene, 


and curve C."7 

reported? that with the AlEt;—a-TiCl, combination polymerization rates 
of propylene quickly become independent of AIEt; concentration. With 
ZnEtCl or CdEts in combination with y-Al,Ti,Cl,-160 the dependence of 
activity on catalyst concentration was also less pronounced (Tig. 5). 

The shapes of these conversion-concentration curves depended on the 
particular titanium chloride employed. In the case of ZnEt2:-a-TiCl; 
activity declined very sharply at high ZnkEte concentrations; activity 
declined only slightly, if at all, with the other systems at high ZnEt» con- 
centrations. Reproducible results were readily obtained with all but the 


a-TiCl, catalyst ; 
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Fig. 5. Dependence on CdEts, ZnEtCl, or ZnEt, concentration. Conditions: 8 oz, 
bottle, 100 ml. heptane, 20 hr. at 50°C., and 28 g. propylene. 


Changes in Intrinsic Viscosity 


With increasing concentrations of ZnEte, ZnEtCl, or CdEt, polypro- 
pylenes of lower intrinsic viscosities were prepared with all of the com- 
binations of the crystalline modifications examined (ligs. 3, 4, and 5). 
When ZnEt. was employed as a common metal alkyl, the initial and final 
intrinsic viscosities as well as the rate of change of the intrinsic viscosities 
with changes in the ZnEt. concentration were dependent on the particular 
titanium chloride employed. When the y-Al,Ti,Cl,-160 form was used 
as the common titanium chloride different initial and final intrinsic vis- 
cosities and slopes of the curves were obtained with Znkte, Cdlte, and 
ZnEtCl (lig. 5). These changes were much more pronounced than those 
reported by Natta (e.g., see Ref. 17) for the AIEt;-a-TiCl; system (lig. 4). 


Changes in Stereospecificity 


With increasing concentrations of ZnIt. anomalous changes in the in- 
frared ratios (an index of stereospecificity) occurred with the various 
titanium chlorides employed (igs. 2 and 5). lor example, y-Al,Ti,Cl.- 
160, Al,TiyCl,-A, and a-TiCl; showed at first a decline in the infrared 
ratio; then near the concentrations where maximum conversions were 
obtained, the infrared ratios suddenly became higher with increasing con- 
centrations of ZnkEte. Part of the latter increments in the infrared ratios 
can be attributed to increased crystallinity resulting from decreasing molee- 
ular weights, i.e., polymers of equal tacticity but of lower molecular 
weights crystallize more readily and give higher values of the infrared ratio. 
The decline in the infrared ratio would be only accentuated if the values 
were corrected for differences in molecular weight; hence, the trends shown 
in the curves represent real changes in stereospecificity. We were able 
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to duplicate the high infrared ratios at low ZnEt. concentrations with 
some difficulty. This is not unexpected since the effect of contaminants, 
e.g., oxygen, becomes more pronounced at low alky! concentrations. 


Dependence on Concentration of Titanium Chloride 


It was of interest to determine the dependence, if any, of the infrared 
ratio and the intrinsic viscosity on the concentration of titanium chloride. 


At Constant ZnEt. Concentration 


In these experiments the Zn, Ti ratio was not kept constant, the change 
being brought about by increments of the y-Al,Ti,Cl,-160 concentration 
while keeping ZnEt. concentration constant (Table Il). Under these 
conditions the intrinsic viscosity and infrared ratio were found to be 
independent of the Zn/Ti ratio. If, however, one of these experiments 
was modified by doubling both the ZnEt, and y-Al,Ti,Cl,-160 concentra- 
tions (thus keeping the Zn Ti ratio unchanged) then a polypropylene with a 
lower intrinsic viscosity was obtained (Table II, compare exp. 1 and 5). 
This shows that the intrinsic viscosities (lig. 3) were dependent on the 
ZnEt, concentration and not on the Zn/Ti ratio for the ZnEt.—y-Al,Ti,Cl, 




















system. 
TABLE II 
Dependence on y-Al,Ti,Cl,-160 Concentration* 
Mmole 

y-Al,Ti,Cl.- Intrinsic 
Exp. 160 Zn/Ti OLW conv. IR ratio viscosity 

I 0.75 5.6 50 66 1.4 

2 1.30 3.3 79 64 1.5 

3 2.0 2.1 S84 .61 1.3 

2.5 i 78 64 1.4 

5 1.5 5.6 86 .65 0.8 

‘Conditions: 8-oz. bottle, 4.2 mmole ZnEt, (except exp. 5 which had 8.4 mmole), 





50°C. for 20 hr., 27 g. propylene, 100 ml. heptane. 






At Variable ZnEt. Concentration 










Both Znkt. and a-TiCl; concentrations were changed but in such a 
way as to keep the product of their concentrations constant (Table III). 
In spite of the large increases in the concentration of a-TiCl;, the con- 






versions remained nearly constant, although the intrinsic viscosities in- 





creased as the TiCl; concentration increased. The results emphasize the 






dependence of both conversion and intrinsic viscosity on ZnEt, concentra- 





tion. 










Effect of Propylene Pressure, Reaction Time, and Temperature 





The influence of propylene pressure, the polymerization temperature 
and time upon weight ©; conversion, intrinsic viscosity, and infrared ratio 
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TABLE III 
Effect of ZnEts and a-TiCl; Concentrations at Constant Zn «K Ti 


Mmole Intrinsic 


a-TiCl; 


%W 


cony. 


Mmole 
ZnEte 


6.: l ! 15 0.79 l 
oO. 4 l 3.0 51 0.78 l 
d 7 l 64 0.76 
4 19 0.76 


Zn/Ti IR ratio 


viscosity 


6 


* Conditions: 8-oz. bottle, 100 ml. heptane, 50°C., 20 hr. (Zn X Ti = 


9). 


(index of crystallinity) of the polypropylene formed was studied. The 
y-Al, Ti,Cl,-160 and a-TiCl; crystalline forms were examined with ZnEt, 


as cocatalyst. 


Effect of Prupylene Pressure 


Pronounced increments in intrinsic viscosities were noted as the concen- 


tration of the propylene was increased (Table IV). Increasing the amount 


2.3-28 g. increased the intrinsic viscosity from 0.23-1.3 


of propylene from 
dl./g. Similar findings have already been reported for the AIEt.I—a-TiCl; 
system when used for propylene polymerization.! Natta and his co- 
workers found that decreasing propylene pressures from 10 to 3 atmospheres 
resulted in a lowering of intrinsic viscosity from 6-7 to 3-3.5 dL/g. 


TABLE IV 
Effect of Propylene Pressure* 


Grams Intrinsic 
viscosity 


Exp. propylene COW conv. IR ratio 


10 39 0.74 
11 4: 51 0.71 
12 ; 74 0.71 
13 77 0 
14 2 81 0 


69 
66 


® Conditions: 8-oz. bottles, 100 ml. heptane, 4.8 mmole ZnEts, 1.5 mmole y-Al,Ti,Cl,- 
160, 50°C., 20 hr. 


TABLE V 
kiffeet of Temperature for the a-TiCl;/ZnEt, Catalyst System* 


©} insolubles 


Temperature, Grams 


Exp. “<h polymer 


25 12.0 
50 25.0 
70 22.0 


85 ov 


15 

16 

17 

18 

* Conditions: Magne Dash Autoclave, 50 ml 
a-TiCl; (N. J. Zine), 130 psig propylene. 


in boiling 
heptane 


71 


aé 


heptane, 2.8 mole 


Intrinsic 
viscosity 
7 
6 
4 
0.9 


1.0 mmole 


ZnkKte, 
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Effect of Reaction Temperature 


With increasing temperatures polypropylenes of lower intrinsic viscosities 
were produced. At lower temperatures (25-70°C.) these changes for 
a-TiCl; were small but at 85°C. a sharp decline was noticed (Table V). 

Lower intrinsic viscosities were also noted at higher polymerization 
temperatures with the y-Al,Ti,Cl,-160/ZnEt, system (Table VI). 


TABLE VI 
Effect of Temperature for the y-Al,Ti,Cl,-160/ZnEt, Catalyst* 


Mmole 
Mmole y-Al,- Grams Intrinsic 
ZnEte Ti,Cl,-160 : polymer IR ratio viscosity 





4 l.: 50 10.8 . 2.2 
4.% a 85 7.1 0.68 1.4 
5 1.é 120 5.0 0.62 0.44 





* Conditions: Magne Dash Autoclave; 150 ml. heptane, 130 psig propylene pressure, 
4 hr. at specified temperature. 
Effect of Reaction Time 
teaction time, and thus the extent of conversion had little effect on 
infrared ratio or intrinsic viscosity at the concentration of ZnEt, investi- 
gated. 
TABLE VII 


Effect of Reaction Time* 





Intrinsic 
OLW conv. IR ratio viscosity 


16 0.68 1.4 
26 0.66 1.3 
40 0.70 1.6 
9 53 . 1.8 
20 70 0.65 1.6 


www ww 
B Gt mm OO WS 


‘ Conditions: 8 oz. bottle; 100 ml. heptane, 4.8 ml. ZnEt:, 1.56 mmole y-Al,Ti,Cl,- 
160, 50°C. 


Changes in the infrared ratio and intrinsic viscosity may have occurred if 
lower ZnEts concentration were employed, since the relative consumption 
of available ZnEt»s would be higher. 


Other Transition Metal Salts 


The polymerization of propylene with Zakt. and transition metal com- 
pounds other than titanium chlorides already discussed was investigated. 
These included TiCl, TiBrs, VCl;, NbCls, and CrCl; (Table VIII). 

Compared with the five titanium chlorides already examined, the 
polymerization activity of these transition metal salts when used in com- 
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TABLE VIII 


Polymerization of Propylene with ZnEt: and Various Transition Metal Salts* 











G. Stereospecificity 
Transition Poly- % 

Exp. ZnEtz metalcomp. Mmole Hr. mer IR im Ly. 
27 2.8 a-TiCl; . 1.0 4.5 22 — 77 2.4 
28 As3 TiCl. 1.5 20 3.2 72 2.0 
29 2.0 TiBr, 0.5 20 ca — 
30 2.8 VCl; iJ 20 1.4 . 1.3 
31 18 VCl; 1.5 120 0.4 0.81 
32 9 VCl; 1.5 120 0.7 0.82 
33 11 VCl; 2.8 120 0.3 0.72 
34 9.0 NbCl; 1.5 120 0.2 0.79 
35 9.5 NbCl; 2.5 120 0.4 0.88 
36 9.0 CrCl; 1.5 120 0.1 0.91 
37 8.4 CrCl; 2.1 120 0.1 —s 





« Conditions: (1) Magne Dash Autoclave, 50 ml. heptane, 130 psig propylene pressure, 
70°C., exp. 27-30; (2) 8-0z. bottle, 100 ml. heptane, 50°C. exp. 31-37. 


bination with ZnEt. under similar conditions was very low, although 
specificity was comparable in many cases. 


Polymerization of 1-Butene 


Polymerizations of 1-butene were done with some of the catalyst systems 
already examined for the polymerization of propylene (Table IX). Dif- 
ferences in activity (%w conversion) and specificity (insolubles in boiling 
ether) were noted. 


TABLE IX 


Polymerization of 1-Butene* 








% in- 

solubles 
in 

Titanium OW boiling 

Exp. Alkyl Mmole chloride Mmole conv. — ether 

38 CdEt. 6.0 6-Al, Ti,Cl,-25 1.5 10 89 
39 ZnEtCl 4.7 - 1.5 4 83 
40 ZnEte 6.0 1.5 59 57 
4] ZnEte 2.5 1.3 12 89 
42 CdEte 6.0 y-Al,Ti,Cl,-160 1.5 25 92 
43 ZnEtCl 4.7 > 1.5 5 87 
44 ZnEtz 6.0 1.5 48 57 
45 ZnEtz 1.5 1.5 8 92 
46 Ziikte 2.5 1.3 13 77 
5.0 3 90 95 


47 AlEt2Cl 





« Conditions: 8-oz. bottle, 100 ml. heptane, 50°C., 20 hr. 
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Other Catalyst Systems 


Several other catalyst systems were examined in order to enable us to 
make a broader interpretation of the data already presented in this paper. 
The polymerizations with aluminum alkyls which have already been re- 
ported in numerous publications have been reproduced here only for 
self-consistency of the properties which are compared. 


TABLE X 


Polymerization of Propylene with Other Catalyst Systems* 


Metal OW 
alkyl Mmole Titanium chloride Mmole Hr. conv. IR ratio 


AIEt.Cl 5.4 a-TiCl; 8 20 51 0.90 
AIEt.Cl 5.4 Al, Ti, Cl,-70/160 20 90 0.73 
AlEt.Cl 5.4 8-Al,Ti,Cl,-25 5 20 97 0.87 
AIEt.Cl 5.4 y-Al,Ti,Cl,-160 j 97 0.92 
CdEt. ) 6-Al,Ti,Cl,-25 20 33 0.89 
ZnEtCl 7 43 20 13 0.83 
AlEts 5.4 y-Al,Ti,Cl,-160 | 66 0.77 
AIEtCl. 5.0 fa 1 17 0.88 


* Conditions S-oz- bottle, 100 ml. heptane, 50°C., 24-26 g. propylene. 


DISCUSSION OF RESULTS 


The data presented clearly show that the activity and stereospecificity 
of catalytic sites are strongly dependent upon the structure of both the 
metal alkyl and transition metal components of the Ziegler catalyst when 
used for the polymerization of a-olefins. 

The specificities of various layer type titanium chlorides differed greatly 
when used in combination with ZnEt. for propylene polymerization. 
l‘urthermore, the specificities of some of the titanium chlorides were found 
dependent upon the concentration of ZnEte, e.g., compare infrared ratios 
of polypropylenes prepared at ZnEt. concentrations of 0.01 and 0.05 
mole/liter (Table XI; also see Figs. 2 and 4). No variation in specificity 


TABLE XI 
Comparisons of Infrared Ratios of Polypropylenes Prepared with Various Titanium 
Chlorides and ZnEts or AlEt.Cl 
i PS ZnEte, cone. ; 
rransition AIEt-Cl 
metal compound 0.010M 0.050M 0.060M 


a-TiCl; 0.88 (3.0) 0.80 (1.5) 90 (~13) 
Al, Ti,Cl,-A 0.90 (4.5) 0.79 (1.0) 92 (~10) 
Al, Ti,Cl,-70/160 0.68 (2.0) 0.65 (1.5) 73 

) 


y-Al,Ti,Cl,-160 0.83 (2.5) 0.63 (1.5) 92 (7.5) 
8-Al,Ti,Cl,-25 0.68 (3.6) 0.68 (2.2) 87 


‘ The values in parentheses denote intrinsic viscosities. 
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was found when the layer titanium chlorides were combined with AIEt.Cl 
for propylene polymerization (Table X1). 

In contrast, the specificity of the polymer chain-like 8 titanium chloride 
(which contains AICI; in solid solution) fell within the range for the layer 
types when either ZnEt. or AlEteCl was employed as cocatalyst for 
propylene polymerization. 

The 8 and y titanium chlorides when used in combination with various 
metal alkyls are contrasted in Table XII. Even with CdEts the 8 and 
y forms give similar specificities while with ZnEtCl the y form is only 
slightly more specific. 


TABLE NII 
Comparisons of Infrared Ratios of Polypropylenes Prepared with Various Metal Alkyls 
and the 8 or y Titanium Chloride 


Metal alkyl 6-Al, Ti, Cl,-25 y-Al, Ti, Cl.-160 
ZnEt. (0.0517) 0.68 (2.2) 0.63 (1.5) 
CdEte. (0.0417) 0.89 0.91 (8.1) 
AIEts (0.0647) - 0.77 
AIEteCl (0.06.17) 0.87 0.92 (7.5) 
AIEtCl. (0.05.17) 0.88 (6.4) 
ZnEtCl (0.057.17) 0.83 0.91 (4.4) 


Similarly the specificity of VCl;, which also possesses a layer structure" 
was found dependent upon the particular metal alkyl cocatalyst.’* Con- 
trary to that found for the layer a-TiCl; at a polymerization temperature 
of 50°C., VCl; forms a more specific catalyst in combination with AlEts; 
than with AIEt.Cl, e.g., insolubles in boiling heptane of 60—70°% vs. 40°%. 

The strong dependence of specificity on the particular pair of catalyst 
components was also shown in the polymerization of 1-butene (Table XIII). 
In combination with Zn Et, (0.06.17) the 8-Al,Ti,Cl.-25 and the y-Al,Ti,Cl.- 
160 forms both yielded poly-1l-butene which was 57°,w insoluble in boiling 
ether. Specificity (measured by solubility) increased in the order AIEts, 
ZnEtCl, CdEte, and AlEteCl when the y form was combined with these 
metal alkyls to form the catalyst. Similar but less pronounced improve- 


TABLE XIII 
Comparisions of Percent Insolubles of Poly-1-Butene Prepared with Various Metal 
Alkyls and the 8 or y Titanium Chlorides“ 


Metal alkyl 6-Al,'Ti,Cl,-25 y-Al, Ti, Cl.-160 
ZnEt. (0.0647) 57> 57> 
CdEt. (0.0617) 89 92 
AIEt, (0.0447) 60 
AlEteCl (0.054.417) 80 05 
ZnktCl (0.047M ) 83 87 


* In boiling ethyl ether as suggested by Natta et al.! 
» Higher values were obtained if lower Zn Ets concentrations were used in the catalyst 
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ments were obtained with the 6 form and ZnEtCl, CdEts, or AIEtsCl; 
however, the order of improvement differed. 

The specificities of catalysts based on the 6 and the y forms were found 
dependent upon the ZnEt, concentration for the polymerization of 1-butene 
as well as for propylene (Table IX). At 0.017 ZnEt: concentrations 
(in combination with y-Al,Ti,Cl,-160) poly-l-butene was formed that 
was comparable to that prepared with AIEtsCl, e.g., % ether insolubles 
greater than 90. 

The assertion by Natta and his co-workers! that titanium chlorides with 
a layer structure (a, y, 6) possess nearly identical active centers, and that 
the sites in the 6-titanium chloride form are less stereospecific because of 
its different crystal structure, cannot be accepted as a generalization. 
Our work shows that metal alkyl or titanium chloride structure is pre- 
dominantly important to the extent that the catalyst components interact 
in the presence of the olefin to form the active sites. Thus the apparent 
activity or specificity of one of the catalyst components is influenced by 
the structure of the other component and vice versa. 

In our view, the surface of the titanium chloride is characterized by a 
distribution of sterospecific and nonstereospecific sites, and the number 
of active sites is dependent upon the particular cocatalyst used. The 
present data do not define these sites; however, in other communications’: 
evidence bearing on their detailed nature is presented. 

It is interesting to note that under appropriate conditions group II 
metal alkyls-titanium chloride catalysts are nearly as selective as the 
best aluminum alkyl based systems. Thus there is no simple relationship 
between ionic radius or ionization potential of the base metal and specificity 
as has been suggested.” 

Other polymerization features which are determined by both catalyst 
components are activity and chain-transfer properties. The concentra- 
tion of the ZnEt. was found also to influence both activity and molecular 
weight. 

The dependence of conversion upon the ZnEt. concentration may be 
rationalized within the framework of both mono- and bimetallic mech- 
anisms. According to the former, ZnEts, being a weak alkylating agent, 
forms a fewer number of reaction sites at lower concentrations. Similarly, 
according to the bimetallic mechanism, ZnEt. does not have a strong 
tendency to coordinate with the surface chlorines. In both cases a higher 
concentration of ZnEt. results in a greater number of sites. 

The dependence of molecular weight (measured as intrinsic viscosity) 
on the concentration of ZnEte for all of the titanium chlorides is attributed 
to transfer processes™!*; ZnEt. exchanges an Et group for a polymer 
chain, e.g., ZnEt2 + M-polymer chain ~ ZnEt polymer + M-Et, where 
M is the metal to which the polymer is attached at the reaction sites. 
It is suggested that few, if any, of the ZnEt-polymer molecules return the 
polymer chain to an active site (alkylation or coordination) to resume 
growth. This is reasonable since the polymeric zinc alkyl would have a 
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weaker alkylating or coordinating capacity than the smaller ZnIt, mole- 
cule. Under these conditions once a polymer chain was far removed from 
the crystal surface, further growth of the chain was not possible. CdEte 
and ZnEtCl, also shown to function as ‘‘built-in” transfer agents, are 
presumed to function in this way. 

The dependence of intrinsic viscosity on propylene pressure moreover 
emphasizes the greater importance of the transfer processes due to ZnEt: 
molecules in contrast to propylene. Also, in accordance with polymeriza- 
tion studies employing aluminum alkyls, polypropylenes with lower in- 
trinsic viscosities were prepared when operating the ZnEt,-titanium chloride 
catalyst at high temperature, e.g., 85-120°C. As suggested by others’ 
for aluminum alkyl] based systems, it is not possible to offer meaningful 
explanations without knowledge of the extent that the catalyst is degraded 
at these temperatures. 

That catalyst specificity changed only slightly when operating at dif- 
ferent propylene pressures or when the polymerization was carried to 
different conversion by varying reaction times suggested that only a small 
amount of the ZnEt. was consumed in the reaction. This finding was 
important for the facile interpretation of another investigation.®” 


EXPERIMENTAL PROCEDURE 


Materials 


Solvents 


Heptane (Phillips-pure grade) was passed through silica gel and distilled 
from CaH>». It was stored under nitrogen over CaHy. 


Metal Alkyls 


ZnEts (Orgmet Chemical Co.) was purified by refluxing a heptane 
(~ 25%w) solution in the presence of molten sodium (under nitrogen) 
for about 10 min., and then flash distilling the solvent and purified 
ZnEt2 at low temperature and pressure. The ZnEt. was prepared by the 
method described by Frankland over 100 years ago! ZnCu couple + alkyl 
halides > ZnEtCl; ZnEtCl pyrolysis ~ ZnEt. + ZnClo. In some of our 
early work irreproducible results were obtained when samples of ZnEt» 
from different sources were used. However, after adopting the above 
treatment (2 mole % Na based on ZnEt») consistent results were obtained. 
ZnPr. (Orgmet) was purified similarly. Zine alkyls degrade serum caps 
in a matter of weeks at temperatures much above 0°C. Insertion of 
sheet Teflon between the solution and the rubber cap together with storage 
at 0°C. minimized degradation of the caps. Transfers were always made 
with syringes under nitrogen. Heptane solutions (25°%w) of CdEts and 
ZnEtCl (Orgmet) were used as received. 
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Transition Metal Salts 

Five titanium chlorides were chosen for this work. In all cases a batch of 
a particular: Al,Ti,Cl, was made in a carefully controlled way, and was 
used throughout this work in order to make the results directly comparable. 
Different activities have been observed for samples made under presumably 
similar conditions. 

TiCl;, purchased from New. Jersey Zinc Company, was used for the 
“arly work as denoted in the text while for later work a sample of non- 
activated a-TiCl; (HR), purchased from Stauffer Chemical, was used. 
Both titanium chlorides were heated above 150°C. under high vacuum 
to remove TiCl,. 

Stauffer’s aluminum reduced non-activated titanium chloride was used 
as received. This is designated as Al,Ti,Cl,-A in the paper. 

Three titanium chlorides were made by reduction of TiCl with AIEt; 
as follows: 

(1) 1AIEt, + 3TiCl,, mixed at 10-20°C. and allowed to warm to room 
temperature. The product was washed four times with fresh heptane and 
stored at 0°C. as a slurry containing about 0.5 mmole of the titanium 
aluminum chloride /cc. 

(2) 1AIEt; + 3TiChk, mixed at 10—-20°C. and heated to 160°C. and 
kept at this temperature for '/. hr. The product was similarly washed 
and stored at room temperature. 

(3) 1AIEt; + 1TiIClk, mixed at 25°C. and heated at 70°C. for 20 hr. 
The product was washed with fresh heptane eight times, each time allowing 
the solids to settle and then decanting the supernatant solution (containing 
colloidal solids and unreacted aluminum alkyls). The solvent and other 
volatile substances were then removed under vacuum (~1 mm. Hg) at 
80°C. The titanium chloride product was finally heated to 170°C. for 
several hours at a final pressure of 10-* mm. Hg to ensure the complete 
cleanup of the crystal surface. 

Other transition metal chlorides were used as received. VCl; was 
purchased from Rocky Mountain Research Corporation, CrCl,;, MnCl, 
and NbCl; were purchased from Mackay Chemical Company. Propylene 
(Phillips-Research Grade) was purified further by passing it through 
columns containing molecular sieve, phosphorous penta-oxide and 
drierite. 


Polymerization Procedure 


The polymerizations were carried out in Magne-Dash autoclaves and in 
eight ounce amber hydrogen peroxide bottles. When the Magne-Dash was 
used the bomb portion (100 ml.) was oven dried and cooled with a stream 
of nitrogen. Purified heptane was added and ‘purged with nitrogen. 
The metal alky!] solution was then added by means of a syringe, followed 
by the transition metal chloride previously dispensed into weighed vials. 
Nitrogen was kept over the mixture until the bomb was screwed to the 


main body. <A second stream of nitrogen was kept flowing through the 
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autoclave to ensure a constant environment of nitrogen. The system 
was evacuated several times, admitting nitrogen each time. The reactor 
containing the catalyst components was heated to the desired temperature 
and propylene was charged to and maintained at the desired pressure. 
When the reaction was completed, the reactor was degassed and opened. 
Isopropy! alcohol or ethanol containing HCl was added to the polymer 
slurry with mixing. 

When 8 oz. hydrogen peroxide bottles were used as reaction vessels 
the following procedure was used. The bottles were successively washed 
with hexane, acetone and distilled water and baked in an oven (circulating 
air) at 120°C. for 20 hr. or more. Just before being used these were 
cooled with a jet of nitrogen and stoppered with serum caps. Measured 
amounts of purified heptane, metal alkyl and transition metal compound 
were syringed into the bottle in that order. When the transition metal 
compound was found to settle readily syringing techniques were not 
quantitative and a different procedure was used. In that case the weighed 
8 oz. bottle was inserted into a plastic bag which was degassed about eight 
times. The transition metal compound was then added to the H.P. 
bottle from the stock bottle or from previously dispensed vials containing 
known amounts. The amount of the transition metal salt was obtained 
from the difference in weights of the 8 oz. bottles. The latter technique 
was used for dispensing Stauffer a-TiCl;, Al,Ti,Cl,-A, NbCls, VCl;, and 
TiCl.. To the 8 oz. bottle containing the dry transition metal salt the 
desired amount of diluted ZnEt, (0.317) was syringed. 

In both variations the serum cap was now replaced by a metal cap 
into which was inserted a Hycar rubber gasket (previously extracted 
several times with benzene and completely dried in a vacuum oven for at 
least 2 days). The 8 oz. bottle was placed in a silver-soldered brass cage 
and both were weighed. The top was removed and a dip tube through 
which nitrogen was flowing was inserted into the bottle. The exit tube 
was attached to a mercury trap which prevented reverse flow of air into 
the bottle. A seal was made by means of a rubber stopper through which 
both tubes passed. The bottle was now placed in an acetone bath cooled 
to —30°C. for a few minutes and subsequently in an acetone bath at dry 
ice temperatures. The nitrogen flow was cut off and propylene was im- 
mediately admitted and condensed. By standardizing the flow rate of 
the propylene any desired amounts could be dispensed with an accuracy of 
+0.5g. The Hycar gasket and screw cap were quickly replaced and tight- 
ened, and the bottle placed in the brass cage and weighed. The mixture 
was allowed to warm naturally to room temperature in the course of about 
twenty minutes. Caution: Although we have never had a bottle explode* 

* The polymerization baths are of a heavy construction possessing a heavy lid which 
can withstand the sudden pressure of an exploding reaction bottle. Operating at 50°C. 
and loading a maximum of 28 g. propylene/100 ml. heptane we have had very few ex- 
plode in the course of polymerization. Bottles purchased by us from Owens, Illinois, 
have never burst at 50°C. when the charge was 28 g. propylene/150 ml. heptane or 20 g. 


propylene /100 ml. heptane. 
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at room temperature we nevertheless wear face shields and gloves while 
placing and taking cages out of the polymerization baths maintained 
at higher temperatures. The cages were then rotated for the desired 
times denoted in the text. The bottles were allowed to cool to room 
temperature. Unreacted propylene was vented by puncturing a hole 
through the cap and inserting a syringe needle through the hycar gasket. 
The polymer slurry was added to acidified isopropyl alcohol, blended 
once or twice in a Waring type blender, washed until the filtrate was clear, 
and then a suitable antioxidant was added. The polymer was dried 
in vacuo at 50-60°C. for over 20 hr. 


Characterization of Polymers 
Conversions 


For bottle experiments, weight-% conversions which are taken as 
an index of catalytic activity were simply determined from the weight of 
dry recovered polymer and the known charge of monomer (100 X g. 
Polymer/g. monomer charged). Tor autoclave runs where a constant 
propylene pressure was used, the yield of polymer (g.) is given directly. 
In all cases, the amounts of catalyst are denoted in the respective figures 


or tables. 
Intrinsic Viscosities 


Measurements were made in decalin at 150°C. using Ubbelohde solution 
viscometer. These can be converted readily to molecular weights (1/,) 
using the equation (y) = 1.4 X 10-* K J," The intrinsic viscosity 
range, 0.2 to 7.0 dl./g., corresponds approximately to viscosity average 
molecular weights of 1.4 & 104 and 1.6 X 10°, respectively. 


Index of Stereospecificity 


(A) Infrared Ratio: Films (0.0015 inch thickness) were pressed, kept 
at 100°C. for 16 hr. and then maintained at 25°C. for an additional 24 
hr. An average of four specimens was taken. The absorbances at 10.02 
and 10.28 » were measured by drawing a base-line between peaks found 
near 9.5 and 10.6 uw. The ratio of absorbances, Al0.02/A10.28, was taken 
as an index of stereospecificity. One should keep in mind that the measured 
values are influenced by the intrinsic viscosities of the particular sample as 
well as by the polymer’s structural perfection. Thus a true impression 
of differences: in stereospecificity can be obtained only by applying a 
correction for differences in molecular weight. The infrared ratios can be 
converted to crystallinities based on the specific volumes of pure amorphous 
and pure crystalline (calculated from the unit cell of a theoretical model), 
assuming additivity of the specific volumes of the two phases.2° The 
infrared ratio range 0.6-0.95 would correspond to crystallinities based on 
specific volumes of about 25-75%. 
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(B) Per cent Insolubles: This method, introduced by Natta, was 
used for early work. The per cent soluble was taken as weight per 
cent polymer which was not soluble in boiling heptane in a 24-hr. extraction 
period using a Soxhlet extraction apparatus. Because low molecular 
weight partially crystalline polymers as well as atactic polymers are soluble, 
this method also required adjustments for molecular weight differences. 
A polypropylene that is about 75% crystalline would be greater than 95° w 
insoluble in boiling heptane. 
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Synopsis 


Ziegler-type catalysts based on ZnEte, ZnEtCl, and CdEt2 in combination with one 
linear and several layer types of titanium chlorides were examined for the polymerization 
of propylene and 1-butene. All but one (a-TiCl;) of the titanium chlorides contained 
AICI; in solid solution. Changes in the activity and specificity of the various catalysts 
as well as the molecular weight of the formed polymer were noted as several reaction 
parameters were varied. These included changes in the concentration of the metal 
alkyls and the titanium chloride, variation of the reaction time and temperature, and the 
pressure of the olefin. The specificities of various layer-type titanium chlorides differed 
greatly when used in combination with ZnEt, for propylene polymerization. Further- 
more, in combination with CdEt (0.0417) and ZnEts (0.054) both the y and 6 titanium 
chlorides gave polypropylenes of a similar stereospecificity, while in combination with 
ZnEtCl, the y form was more specific. Also in combination with the y and 8 forms 
ZnEte (0.06M) gave poly-1-butenes of similar stereospecificities, but with AlEtsCl or 
ZnEtCl, the y form was more specific. Both the y and 8 forms in combination with 
CdEts showed similar specificities for the polymerization of 1-butene. The findings of 
this investigation suggest that structure of the metal alkyl! or, the transition metal com- 
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pound is predominantly important in determining specificity to the extent that the cat- 


alyst components interact in the presence of the olefin to form the catalytic surface, 1.e., 
intrinsic specificities cannot be assigned to either the metal alkyl! or the transition metal 
compound. 

Molecular weights of the polymers were found dependent on the concentration of the 
ZnEte, CdEte, and ZnEtCl as well as the particular type of titanium chloride employed. 
The capability of these metal alkyls to function as built-in transfer agents is attributed 
to the inability of the polymeric ZnEtP, CdEtP or ZnClIP molecules to compete success- 
fully with the parent metal alkyls for the available sites on the crystal surface. Thus 
once a transfer is made that particular polymer chain is permanently inactivated against 
further growth. The activity and in some cases specificity of the ZnEt.-titanium chlo- 
ride catalysts was found also dependent on the ZnIt. concentration. 


Résumé 


Des catalyseurs du type Ziegler basés sur le ZnEte, ZnEtCl et le CdEts en association 
avec une couche linéaire ou: plusieurs types de couches de chlorure de titane ont été 
examin¢és pour la polymé¢risation du propyléne et eu buténe 1. Tous sauf un (a-TiCl;) 
des chlorures de titane contenaient du AlCl; en solution solide. Des changements dans 
activité et la spécificité de différents catalyseurs de méme que le peids moléculaire du 
polymére formé ont été notés. De plus on a varié plusieurs paramétres de réaction. 
Ceci inclut des changements dans la concentration des aleoyles-mé¢talliques et dans le 
chlorure de titane, une variation du temps de réaction de la température et de la pression 
en oléfine. Les spécificités des différents types de couche de chlorure de titane varient 
fortement lorsqu’il est employé avee ZnEt. pour le polymérisation du propyléne. De 
plus, combinés a la fois avee CdEt. (0.0417) et avee ZnEts (0.054), les chlorures de 
titane y et 6 donnent des polypropylénes d’une stéréospécificité semblable alors que 
combiné avee ZnEtCl la forme y est plus stéréospécifique. De méme, combinés avec 
les formes y et 8 du ZnEt» (0.06.7), ils donnent des poly-1-buteénes de stéréospécificité 
semblable, mais avee AlEteCl ou ZnEtCl, la forme ¥ est plus spécifique. Les deux formes 
y et 8 combinées au CdEt, ont montré des spécificités semblables pour la polymérisation 
du 1I-buténe. Les résultats de cette investigation suggérent que la structure de |’al- 
coyle-métal ou du composé métallique de transition est importante de fagon prédom- 
inante dans la détermination de la spécifcité, dans la mesure od les composants du ca- 
talyseur réagissent en présence de |’oléfine pour former la surface catalytique. Ainsi par 
exemple on ne peut assigner de spécificités intrins¢ques 4 chaque aleoyle-métal ou A 
chaque composé métallique de transition. On a trouvé que les poids moléculaires des 
polyméres dépendent de la concentration de ZnEts, CdEte, et ZnEtCl aussi bien que du 
type particulier de chlorure de titane employé. La eapacité de ces aleoyle-métaux A 
fonetionner comme des agents de transfert incorporés est attribué A linaptitude des 
molécules polymériques ZnEtP, CdEtP ou ZnClP Aa rivaliser complétement avec les 
aleoyle-métaux parents pour les sites disponibles sur la surface du cristal. Anisi done 
le premier transfert rend la chaine polymérique affectée définitivement inapte 4 une 
croissance ultérieure. On a aussi trouvé que l’activité et en général les eas de spécificité 


des catalyseurs Zn te-chlorure de titane dépendent de la concentration en ZnEte. 
Zusammenfassung 


Zieglerkatalysatoren auf Grundlage von ZnAte, ZnAtCl, und CdAt. in Kombination 
mit einem Titanchlorid vom linearen und mehreren vom Schichttyp wurden auf ihre 
Verwendbarkeit bei der Polymerisation von Propylen und Buten-1 iiberpriift. Alle 
Titanchloride bis auf eines (a-TiCl,) enthielten AlCl; in fester Lésung. Die Abhiingig- 
keit der Aktivitit und Spezifitiit der verschiedenen Katalysatoren sowie des Mole- 
kulargewichts der gebildeten Polymeren von einigen Reaktions-parametern wurde 
festgestellt. Dazu gehérte die Anderung der Konzentration der Metallalkyle und des 
Titanchlorids, Variierung der Reaktionsdauer und Temperatur sowie des Olefindruckes. 
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Bei Verwendung in Kombination mit ZnAts fiir die Propylenpolymerisation unter- 
schieden sich die verschiedenen Titanchloride vom Schichttype stark in ihrer Spezifitiit. 
Ausserdem lieferten sowohl y- als auch 6-Titanchlorid in Kombination mit CdAte 
(0,044) und ZnAts (0,05M) Polypropylen von iihnlicher Stereospezifitiit, wiihrend in 
Kombination mit ZnAtCl die y-Form spezifischer war. Auch in Kombination mit der 
y- und 6-Form gab ZnAt, (0,064) Polybuten-1 von iihnlicher Stereospezifitiit, mit 
AlAt.Cl oder ZnAtCl war aber die y-Form spezifischer. y- und 6-Form zeigten in 
Kombination mit CdAt: jihnliche Spezifitit bei der Buten-1-polymerisation. Die 
Ixrgebnisse dieser Untersuchung zeigen, dass die Struktur des Metallalkys oder der 
Ubergangsmetallverbindung dadurch von iiberwiegender Bedeutung fiir die Spezifitit 
ist, dass die Katalysatorkomponenten in Gegenwart des Olefiis unter Bildung der 
katalytisch wirkenden Oberfliiche reagieren, d.h. es kann weder dem Metallalkyl oder 
der Ubergangsmetallverbindung als solcher eine charakteristische Spezifitit zuge- 
schrieben werden. Die Molekulargewichte der Polymeren waren von der Konzentration 
an ZnAts, CdAts, und ZnAtCl und vom speziellen Typ des verwendeten Titanchlorids 
abhiingig. Die Fihigkeit dieser Metallalkyle, als eingebaute Ubertriiger zu wirken, wird 
auf die Unfihigkeit der polymeren ZnAtP-, CdAtP-, und ZnCIP-Molekiile zuriickgefiihrt, 
erfolgreich mit den urspriinglichen Metallalkylen um die an der Kristalloberfliiche 
vorhandenen Plitze in Konkurrenz zu treten. Sobald daher eine Ubertragung stattge- 
funden hat, ist die betreffende Polymerkette endgiiltig gegen weiteres Wachstum in- 
aktiviert. Die Aktivitiit und, in manchen Fiillen, Spezifitit der ZnAts-Titanchlorid- 
Katalysatoren zeigte schliesslich auch eine Abhiingigkeit von der ZnAte-Konzentration. 
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Ziegler Polymerization of Olefins. 
II. Nature of the Catalytic Sites 


JOHN BOOR, JR., Shell Development Company, Emeryville, California 


INTRODUCTION 


The nature of the propagation site in a heterogeneous Ziegler poly- 
merization of olefins has been the subject of considerable speculation. 
Mono- and bimetallic mechanisms, by which one and two mctal atoms, 
respectively, participate in the propagation step, have been employed to 
rationalize the intricate dependence of stereospecificity, activity, molecular 
weight, etc., on the nature of the components forming the catalyst. lor 
the catalytic systems investigated it has been suggested that the active 
centers are prevailingly formed on the borders of each layer of the TiCl;; 
and that these are substantially the same for the a, y, and 6 forms with 
stereospecificity being determined by the metal alkyl structure.! That 
the catalyst is characterized by active sites of same or varying specificity 
has been discussed by others (e.g., see refs. 2-10) in order to rationalize 
experimental findings. 

Our work reported in the previous paper supported strongly the view 
that structure of the metal alkyl or the transition metal compound is 
predominantly important in determining specificity to the extent that the 
-atalyst components interact in presence of the olefin to modify the crystal 
surface.®:! 

This experimental work was directed toward the elucidation of the 
crystalline surface of the transition metal compound. It is the intent of 
this paper to show that there exists on the crystal surface isolated sites of 
different specificities. More precisely, it is suggested that the sites are 
regions of exposed transition metal atoms which possess differing capacities 
to complex with electron donor compounds, e.g., amines, olefins.’ These 
findings can be rationalized within the framework of both mono and bi- 
metallic mechanisms. A_ bimetallic mechanism employing exposed 
transition metal atoms is discussed in the Appendix. 


Exposed Transition Metal Atoms 


Karly studies in the Shell laboratories suggested strongly that the 
detailed structure of the transition metal compounds played an intimate 
role in the stereospecific process.'' To accommodate these findings the 
author proposed that as an essential feature of a bimetallic mechanism 
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Fig. la. Top view of a-TiCl; model illustrating some of the various potential types 
of exposed titaniums. The Cl and Ti are represented by large and small spheres, 


respectively, 





d Proposed bimetallic mechanism 
No. of exposed ; eee as 


Location titaniums Activity Specificity 


I " Edge No = 
II Edge Yes Stereospecific 
III Face : No — 
IV Edge Yes Stereospecific 
V Edge Yes ¢ 
VI Edge ; Yes Stereospecific 
VII Corner l Yes Nonstereospecific 


“ If the metal alkyl is coordinated to the edge chlorine then only one conformation is 
allowed and stereospecific polymer forms; if the metal alkyl is coordinated to the 
adjacent inner chlorine, then the a-olefin assames both conformations equally well, 
provided the a-substituent is not too bulky. 


exposed transition metal atoms formed an important part of the active site 
in the Ziegler catalyst. Since the structures of titanium chlorides are 
best known these will be cited for illustration purposes in this paper. 
Specificity of the catalyst was attributed to the different geometries of 
exposed titaniums, which were located at various parts of the surface., 
e.g., see Figure la. The possible origins of exposed titaniums and the 
application of the concept within a bimetallic mechanism are given in the 
Appendix section. A monometallic mechanism employing exposed 
titaniums in a somewhat different way has been proposed by Cossee.!? 
According to this author’s view (for a bimetallic mechanism) only 
exposed titaniums along the edges of the crystal favor stereospecific 
growth; these are unique in that they are not entirely surrounded by 
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Fig. 1b. Oblique view of a-TiCl; model illustrating orientation of a-olefin molecules 
coordinated to the exposed titaniums. While in a bimetallic mechanism the metal 
alkyl may be complexed to any of the available chlorines, only those which permit the 
transition state to be formed without requiring large nuclear displacements result in 
active centers (see Appendix, Figs. 10 and 11); i.e., the metal-C bond of the metal 
alkyl and the C=C bond of the olefin are in the same plane. 


chlorine atoms. At the edge sites the a-olefin can coordinate with the 
exposed titanium if its a substituent protrudes out of the chlorine vacancy 
and away from the growing polymer chain (Iigs. la and 10). 

It is readily seen from Figures la, b that exposed titaniums situated 
at various locations of the surface of the crystal will be characterized by 
different environments of chlorine atoms and thus they possess various 
capacities to coordinate electron donating substances. The more exposed 
sites would be expected to coordinate more readily with electron donors, 
and these sites would be associated with the formation of nonstereospecific 
polymers. These exposed regions were visualized as unique reference acids 
which would respond in different ways to variation in the basicity and bulk 
of the electron donor in the manner demonstrated by the investigations of 
Brown and his co-workers.'* Brown and co-workers studied complex 
formation between various acids and amines in high concentration and in 
homogeneous solutions. In contrast we are dealing with the interaction 
between very low concentrations of acid sites (exposed titaniums) on the 
crystal surface and high concentrations of electron donor molecules in the 
solution. Such interactions would be most difficult to measure directly; 
however, we expected that the olefin and added bases (amines) would 
compete for the available acid sites to produce measurable changes in 
stereospecificity and activity. The interactions between acid sites and 
the olefin or the base are presumed to be reversible, i.e., the sites and the 
olefin and amine being in equilibrium. 
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The use of polar compounds as additional components of the Ziegler 
catalyst, based on aluminum alkyls for polymerization of olefins has been 
reported in numerous patents'*~'® and elsewhere.'’~!® However, since 
the polar compounds were capable of reacting with the aluminum alkyls 
as well as with the transition metal compounds, it was not possible to 
separate successfully individual contributions of the several competing 
reactions. For example, it has been suggested that the AIR;-polar 
compound may be adsorbed on the crystal surface and affect activity.” 
For “in situ” catalysts, where the transition metal is in a high valence 
state, e.g., TiClh, the polar compound may remove highly acidic side 
products which act as poisons, and in this way it improves activity. Since 
ZnEte, unlike aluminum alkyls, does not form complexes with mono- 
functional amines, the effect of amines could be interpreted in terms of 
interactions with only the crystal surface.°® 


Measurements, Procedure, and Materials 
To determine the activity and specificity of the various catalysts meas- 
urements of weight per cent conversion and the infrared ratio, Ajo.o2/A1o.2s, 
were made respectively. The intrinsic viscosity was taken as an index of 
molecular weight. 





CONVERSION, %w 





POLY PROPY LENE 


.2 MMOLE BA1,TiyCl,-25-4.8 MMOLE ZnEt, 
-5 MMOLE yAlxTiyClz-160-4.8 MMOLE ZnEt, 


-0 MMOLE Al, Ti,Cl,-70/160-6.5 MMOLE ZnEt, 


INS. IN ETHER, % 


POLY-1-BUTENE 


INFRARED RATIO, Ajo.o2/ Ajo. 28 


O 1.5 MMOLE yAl,TiyCl,-160-5.5 MMOLE ZnEt, 





0.01 0.1 1 10 

MOLAR Et;N/Al,TiyClz-RATIO 
Fig. 2. Dependence of conversion and infrared ratios on Ets;N/Al1,Ti,Cl,-ratio. 
Conditions: 8 oz. bottle, 100 ml. heptane, 20 hr. at 50°C., and 27g. propylene or 25 g. 


1-butene. 
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These are defined in more detail in the previous paper’ where also 
the experimental procedure used in this work is described. 

Liquid amines, Eastman Organic Chemicals, were purified by distilling 
from KOH, the heart cut being used always. The samples were stored and 
transferred always under nitrogen. Tribenzyl amine and _ tripheny! 
amine were also purchased from Eastman Organic Chemicals; the former 
was recrystallized from heptane. Triethylene diamine, ‘purchased from 
K and K Laboratories, was used directly; a sample was taken from a bottle 
which was not previously opened. 


EXPERIMENTAL RESULTS 


The dependence of conversion and infrared ratio (an index of crystal- 
linity) upon basicity and bulkiness of amines was examined in several 
ways. Each point on the curves represents an isolated experiment when 
propylene was polymerized under the conditions specified. 


Concentration of Amine Varied 


The effect of amines in various concentrations when added to catalytic 
systems based on ZnEte, CdEte, and ZnEtCl in combination with the 
various titanium chlorides for propylene polymerization was first studied 
(Figs. 2-5, and Tables I and II). Only one catalyst system, i.e., ZnEt2- 
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MOLAR Et,N/aTiCl, RATIO 
Fig. 3. Dependence of conversion and infrared ratio on the EtsN/aTiCl; or EtsN/ 
Al,TiyCl,-A ratio. Conditions: 8 oz. bottles, 100 ml. heptane, 20 hr. at 50°C., and 
27 g. propylene. 
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Fig. 4. Dependence of conversion and infrared ratio on amine/y Al1,Ti,Cl,-160, 
ratio for pyridine, EtsN and (n,Bu);N. Conditions: 8 oz. bottles, 100 ml. heptane, 
1.8 mmole ZnEt:, 1.5 mmole y Al,Ti,Cl,-160, and 20 hr. at 50°C. 
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Fig. 5. Dependence of conversion and infrared ratio on Et;N concentrates for CdEt, 
and ZnktCl-y-Al,Ti,Cl, catalysts. Conditions: 8 oz. bottle, 100 ml. heptane, 20 
hrs. at 50°C., 27 g. propylene, 4.7 mmole ZnEtCl or 6.0 mmole CdEte, and 1.5 mmole 
y-Al,Ti,Cl,-160. 










y-Al,Ti,Cl,-160, was similarly examined for 1l-butene polymerization 
(Fig. 2.) 






EtzN Concentration Varied 






When Et;N was added to the ZnEt,-titanium chloride catalysts unique 
results were obtained. All five titanium chlorides showed at first a decline 






in conversion as Ets;N was added. But as more EtsN was added the con- 
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version gradually increased and eventually the conversion actually be- 
came greater than in the absence of amine. Simultaneously, the infrared 
ratios of the polypropylenes which were formed, became higher as EtsN 
was added and at about the Ets;N concentration where the conversions be- 
gin to increase with further addition of EtsN nearly maximum infrared 
ratios were attained. The positions of the troughs and the maxima 
occurred at different EtsN concentrations for different titanium chlorides. 
The troughs obtained with the ZnEts-a-TiCl; or Al,Ti,Cl,-A systems 
(which are more stereospecific than the other titanium chlorides under 
similar polymerization conditions) occurred at lower Et;N concentrations 
than those obtained with the other titanium chlorides. 

The EtsN concentration needed to attain maximum conversions varied 
also with the particular titanium chloride used. The following order was 
observed, the values in parentheses denote the approximate EtsN/Ti 
ratios at which the maximum conversions were reached: TiC},;(0.2), 
Al, Ti,Cl,-A (0.6), y-Al,Ti,Cl,-160 (0.6), 6-Al,Ti,Cl,-25 (1.2), and Al,- 
Ti,Cl,-70/160 (3). 

In the concentration range examined Et;N did not increase the con- 
version when added to the CdEt.-y-Al,Ti,Cl,-160 system. In contrast, 
increased conversions were also noted for the ZnitCl—y-Al,Ti,Cl,-160 
system when Et;N was added; no sharp declines of conversions were 
observed when Et;N was added in small amounts to any of the latter 
catalyst systems. The high infrared ratios obtained, even if no amine 
was added, were unchanged with additions of EtsN at the concentrations 
examined. 

An extremely high Et;N concentration was tolerated by the ZnE ts 
y-Al,Ti,Cl,-160 system when used for propylene polymerization (Table I). 
Even at an Et;N/y-Al,Ti,Cl,-160 molar ratio of 150 a 45° w conversion 
was achieved. 

The pronounced dual effect of EtsN (augmentation and depression of 
conversion) at high and low concentration of the amine is shown more 


TABLE I 
Influence of EtsN at High Concentrations—Propylene Polymerization*® 


KtsN I.V. 


Exp. no. Ti Conv., “cw Infrared ratio (dl. /g.) 


0 72 0.65 I 
2.5 98 0.92 2 
8.4 98 0.90 $ 
20.6 - 96 0.89 a 
60.0 ° 82 0.91 4 
150.0 45 0.92 6. 
7 330 <J insol 


® Conditions: 8-oz. bottles, 100-ml. heptane, 4.2 mmole Zn Ete, 1.3 mmole y-Al,Ti,ClL- 
160, 20 hr. at 50°C., 27 g. propylene. 
> Aio.o2/Ato,2s, an index of crystallinity. 
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clearly in Table II. The quantity of titanium chloride catalyst employed 
was adjusted to give low or high conversions in the control experiment 
(i.e., experiment without amine) depending on whether the region of 
It is seen from Table II 


activating or depressing effect was being studied. 
that the effect of amine ranged from increasing conversions up to threefold 
exp. 24 and 25) to decreasing conversions by a factor of about '/; 


(e.g., 
(e.g., exp. 12 and 13). 


TABLE II 
Activating and Depressing Effect of EtsN on Conversions for Several Titanium 
Chloride—ZnEts Systems* 


Conversion, percent weight 


Low EtsN High Et;N 





Exp. KtsN Conv., Exp. EtsN Conv., 
no. i ow no. Ti Cow 


Titanium chloride 


g-Al, Ti,Cl,-25 18 39 
48 194. 91 

26 

70 

32 

73 

30 

5 89 
50-70 

2.9 95 


to 
4 
So 


y-Al,Ti,Cl,-160 83 
11 
Al, Ti,Cl,-70/160 12 
13 a 8 
Al, Ti,Cl,-A 14 30 
15 .0038 ~15 
a-TiCl; (Stauffer ) 16 50-70 
17 0.004 ~30 


NM bt WS Ww Ww Ww bh 
_—- 7. > ~~ 
Nook WSN = 


* Conditions: 8 oz. bottles, 100 ml. heptane, 20 hr. at 50°C., 27 g. propylene (catalyst 
amount selected to give desired conversions for control runs). 


Et;N was effective also at 120°C. in increasing the activity and specificity 
of the ZnEt,-y-Al,Ti,Cl,-160 catalyst. The presence of 0.033 molar 
Et;N augmented the conversion by a factor of 2 and the infrared ratio 
from 0.62 (I.V. = 0.44)-0.93 (I.V. = 2). 

The activating effect of Ets;N was also observed when the ZnEt: was 
much lower or higher than shown in Table I. For example, the catalyst 
activity of the ZnEt,-y-Al,Ti,Cl,-160-propylene system was increased 
by a factor of 7 when a ZnEte concentration of 0.01 mole/liter heptane 
was used. For the ZnEt:-a-TiCl;-propylene system, at a ZnEt, con- 
centration of 0.27 mole/liter heptane, addition of EtsN (N/Ti = 2) in- 
creased the catalyst activity by a factor of 8.6. 

Furthermore Et;N activated and increased the specificity of the ZnEte 
AIL,Ti,Cl,-160 catalyst when added before or after the polymerizations 
commenced. The regularity (infrared ratio) of the polypropylene, which 
was formed in an experiment in which the Et;N was added after 30% of 
the propylene was polymerized, was similar (within experimental error) 
to that of a composite made by blending the corresponding weight fractions 
of materials prepared in separate experiments with and without amine. 
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Pyridine and (n-Bu);N Concentration Varied 


A different effect on conversions and infrared ratios was observed when 
pyridine or (n-Bu);N were added in varying concentrations to the ZnEt» 
y-Al,Ti,Cl,-160 for the polymerization of propylene (lig. 4). The charac- 
teristic curve obtained with EtsN under similar conditions was absent when 
pyridine was examined; conversions were found to decrease rapidly with 
increasing concentrations, and at a 0.2 mmole/100 ml. heptane concentra- 
tion less than 10%.w conversion was observed. The infrared ratios became 
higher simultaneously. The curve obtained with (n-Bu);N lacked the 
characteristic deep trough obtained with Et;N but high conversions 
were similarly noted at increased (n-Bu);N concentrations. In the entire 
concentration range examined (n-Bu);N was less effective than Et;N or 
pyridine in increasing the infrared ratio. 


Amine Bulk Varied 


The effect of amine structure on conversion and infrared ratio for pro- 
pylene polymerization was further studied (ligs. 6 and 7). Amines of 
different steric bulk were added in low (0.1 mmole/100 ml. heptane) and 
high (3.3 mmole/100 ml. heptane) concentration. 

The unique results which were obtained are exemplified by the ZnEt, 
y-Al,Ti,Cl,-160 catalyst (I’ig. 6). 

When the trialky] amines were added in low concentrations increasingly 
higher conversions were obtained with increasing amine bulk, Et < n-Pr < 
n-Bu = i-Pent = n-Hex < n-Octyl. With (n-hexyl);N only a slightly 
lower conversion was obtained than if no amine was present; with (n-oc- 
tyl);N the conversion appeared about the same as it was in the amine-free 
control. 
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TRIALKYL OR TRIARYL AMINE 
Fig. 6. Dependence of conversion and infrared ratio (index of stereospecificity) on 
amine bulkiness for ZnEt, and y AI,Ti,-Cl,-160 catalyst. Conditions: 8 oz. bottle, 
100 ml.-heptane, 20 hr. at 50°C., 27 g. propylene, 4.2 mmole Znkte, and 1.3 mmole 
y-Al,Ti,Cl,-160. 
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The infrared ratios of the polymers which were formed decreased as 
amine bulk increased; the value obtained with (n-hexyl);N was only 
slightly higher than that obtained when no amine was added. Within 
experimental error (n-octyl);N had no effect on the infrared ratio. 

When these amines, Et;N through (n-octyl);N were added in high con- 
centrations, conversions above 90° were obtained; simultaneously the 
infrared ratios were found to decrease with increasing amine bulk. 

Although the results obtained with Me;N are given in Figure 6, we 
believe that they may be in error. GLC analysis showed that mono- 
or dimethylamine were present in amounts less than 1%. But since even 
these small quantities were shown to have a strong deactivating effect 
(e.g., ZnEts-a-TiCl; system, Table IV) the results are in doubt. Evidence 
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Fig. 7. Dependence of conversion and infrared ratio on amine bulkiness for ZnEte 
and Al,TiyCl, 70/160 or B-Al,Ti,Cl,-25 catalysts. Conditions: 8 oz. bottle, 100 ml. 
heptane, 20 hrs. at 50°C., 27 g. propylene ,1.3 mmole 6-Al,Ti,Cl, -25 + 5.2 mmole 
ZnEtz, and 1.8 mmole Al,Ti,Cl,-70/160 + 7.1 mmole ZnEte. 


that Me;N should be a weaker base than suggested by the results is that 
triethylenediamine, which according to atomic models shows similar steric 
requirements from the position of reference acid, gave results similar to 
those obtained with triethylamine. 

Tripheny] amine and tribenzyl amine functioned virtually as inert sub- 
stances wher added in both high and low concentrations; the conversions 
and infrared ratios were nearly identical to those obtained when no amine 
was added. 

The curves obtained with the lower members of the trialkyl amine series 
when added under similar conditions to catalysts based on 6-Al,Ti,Cl,-25 
and Al,Ti,Cl,-70/160 showed similar trends (I'ig. 7). 

The influence of amine bulk in the ZnEt.~y-Al,Ti,Cl,-160 system, was 
also demonstrated for primary and secondary amines (Table III) as well 
as for a variety of amines in the ZnEt.—a-TiCl; combination (Table IV). 























TABLE II 
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Cl,-160, 20 hr. at 50°C., 27 g. propylene. 












TABLE IV 






Amine 
Exp. no. Amine Al, Ti, Cl, 

28 (Heptyl)2.NH 3.0 

29 (n-Bu)2NH 3.0 

30 EteNH 3.0 

31 n-BuNH, 0.07 
32 - 3.0 

33 t-BuNH, 0.07 
34 “= 3.3 

35 None - 
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Conv., 
Cow 


95 
57 

6 
31 

<0.1 

23 
10 
69 


Influence of Amines on the ZnEts—a-TiCl; System" 


Coanv., 
g. polymer/mm. Ti 


















TABLE V 







Exp. no. Amine, 0.1 mmole 
36 None 20 
37 Piperidine 0 
38 Pyridine 0 
39 EtNH:2 0.3 
40 Me.NH 1.1 
41 Et.NH 2.6 
43 n-BuS 33 


Product 


* Conditions: 8-oz. bottle, 100-ml. heptane, 4.2 mmole ZnEts, 1.3 mmole 


Infrared 


ra 


0 
0 
0 
0 


0 
0 
0. 


tio 
89 


92 


80 
89 


65 


Insoluble in 


Effect of Ethers, Sulfides, and Phosphines on the ZnEt:-y-Al,Ti,Cl,-160°C. 


Catalyst 






















Polar compound, 

Exp. no. 3.3 mmole Conv., [ow 
44 EtOEt 11 
45 EtO@ 39 
46 o0¢ 49 
47 o3P 94 
48 n-BusP 97 
49 EtsN 97 
50 EtSEt 28 
51 oso 52 
52 None 69 


I.R. ratio 





81 
71 
.67 

75 

89 
.92 

84 

67 


.65 


Influence of Primary and Secondary Amines on the ZnEt.—y-Al,Ti,CL-160 System* 


y-Al,Ti, 


boiling heptane, 


®* Polymerization conditions: Magne-Dash Autoclave, 50-ml. heptane, 2.8 mmole 
ZnEte, 1.0 mmole a-TiCl; (N. J. Zine), 70°C. for 20 hr., 140 psig propylene. 








160, 20 hr. at 50°C. 27 g. propylene. 










y 










® Conditions: 8-oz. bottle, 100-ml. heptane, 4.2 mmole ZnEte, 1.3 mmole y-Al,Ti,Cl,- 
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Other Polar Compounds 


That these effects are not restricted to amines is shown in Table V. 
Both (n-Bu);P and ¢;P increased conversions over those obtained without 
additive in concentrations of 0.033 moles/liter heptane. With the ethers 
investigated the per cent conversion also increased in the order of increasing 
bulk of the compounds. 


Effect of Et;N on Other Transition Metal Salts 


The infrared ratios were increased also when EtsN was added to catalysts 
based on VCl; or NbCI; in combination with ZnEt, for propylene polymeri- 
zation (Table VI). Because these systems yielded only very small amounts 
of polymer (~0.5 g.) under conditions examined in this study, it was not 
possible to determine whether the observed increments in specificity due 
to the amine addition were precise. 


TABLE VI 
Effect of EtsN on Catalysts Employing ZnEt: and VCl; or NbCl;* 








Exp. no. Salt mmole mmole Ets;N I.R. ratio 
53 VCl; 1.5 0 0.81 
54 ox 1.5 4.5 0.93 
55 NbCl; 1.5 0 0.79 
56 °F 1.5 4.5 0.86 





* Conditions: 8-o0z. bottle, 100 ml. heptane, 25 g. propylene, mmole ZnEte. 


DISCUSSION OF EXPERIMENTAL RESULTS 


The experimental findings show unequivocally that isolated sites which 
have different capacities to coordinate electron donor compounds, e.g., 
amines and olefins, exist on the titanium chloride surface. The varying 
response of these sites to amine bulk is interpreted to mean that these 
sites have different steric environments which affects complex formation 
between the sites and the amine. 


Nonstereospecific Sites 


The sites which are complexed most readily during the initial addition 
of an amine are those whose steric requirements are the least. That the 
initial addition of an amine (Fig. 8, Region A) resulted in a polypropylene 
of a higher infrared ratio (higher stereospecificity) means that these sites 
are also associated with the formation of the nonstereospecific polymer. 
That the conversion decreased simultaneously shows that active sites were 
inactivated. It is interesting that for the a-TiCl; and the Al,Ti,Cl,-A 
compounds, which in combination with ZnEt: formed more stereospecific 
catalysts than the other titanium chlorides under the conditions examined, 
the troughs occurred at very low Et;N concentrations. This also sup- 
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SPECIFICIT CONVERSION 


S A B 
MOLECULAR 
—s 
> WEIGHT 


; NON-STEREOSPECIFIC | STEREOSPECIFIC SITES 
SITES INACTIVE SITES \ 


CHLORINE 
SURFACE 





FRACTION OF 
AVAILABLE SITES 
THAT IS COMPLEXED 


0 — ———_| 
CONCENTRATION OF AMINE (LOG SCALE) 


Fig. 8. Proposed schematic representation showing the dependence of conversion, 
specificity and molecular weight on the interactions of amines and the various types of 
sites. ZnEte, titanium chloride, and amine. 


ports the proposal that these titanium chlorides have fewer nonstereo- 
specific sites. 


Inactive Sites 


Further addition of amine results in an increased conversion and only 
a small further increase in the infrared ratio (Fig. 8, Region B). The 
small increase in the infrared ratio shows that only a relatively low fraction 
of the nonstereospecific sites remain. The increased conversion cannot 
be understood in terms of complex formation between an active site and 
an amine. It is suggested that adsorption of amines in the vicinity of 
the active site increases its activity. That this adsorption may be on a 
chlorine surface or with an inactive face exposed titaniums is discussed 
later. 


Stereospecific Sites 


Only when the concentrations of amine become higher (Fig. 8, Region C) 
do the conversions decline but the infrared ratios remain unchanged. 
Obviously, the sites which are now inactivated are those which are as- 
sociated with the formation of the stereospecific polypropylene. 

With increasing amounts of amine over the entire concentration range 
studied, polypropylenes of increased intrinsic viscosities were prepared. 


Exposed Titaniums as Sites 


We postulate that these different isolated sites are exposed titaniums 
which have different chlorine atom environments and which are formed 
at different locations on the crystal surface of the titanium chlorides. 
The order in which the sites are complexed is: nonstereospecific sites > 
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chlorine surface and face sites > stereospecific sites. Since the more 
exposed titaniums are those having fewer chlorines around them, it is 
suggested that these are responsible for the formation of nonstereospecific 


polymer. 

We suggest that exposed titaniums located on the edges of the crystal 
account for the stereospecific growth of polymer, e.g., Figure la, Types II, 
IV, and VI. 

The Activating Effect 


The increased conversions due to amines can be rationalized within 
the framework of both mono- and bimetallic mechanisms. The amine 
may possibly effect the catalyst activity in two ways: (/) remove “‘poisons” 
which are formed and (2) activate the reaction center by coordinating a 
face site (if it is present nearby) or the chlorine surface near the reaction 
center. 

That the amine counteracts “inactivating” products formed during the 
interaction of the components of the catalyst is first discussed. For 
example, ZnEt, and titanium chloride may interact to give ZnEtCl which 
has been shown (lig. 5) to be less active than ZnEte. ZnEtCl, assuming 
a bimetallic mechanism forms stronger but less active complexes than 
ZnEt2 with a resultant loss in polymerization activity. The amine might 
be expected to function by inactivating ZnEtCl by forming the ZnEtCl 
complex. We do not favor this explanation for several reasons. FJ'irst, 
when Et;N was added to the ZnEtCl—y-Al,Ti,Cl,-160 catalyst for pro- 
pylene polymerization conversions were increased also with increasing, 
Et;N concentrations. Even at a EtsN/ZnEtCl ratio of 4 high conversions 
of polymer were maintained. This result is inconsistent with the idea 
that the amine functions is a potent inactivator of ZnEtCl. Moreover, 
addition of 0.1 and 0.5 mole ZnEtCl to a system containing 4.2 mole 
ZnEt, had a negligible effect on conversion (a decrease of less than 10%) 
and no effect on the infrared ratio or the molecular weight. Since the 
amine can increase the catalyst activity several times, this explanation 
does not seem plausible. 

Furthermore since the formation of 0.5 mole ZnEtCl would require that 
one out of every six chlorine atoms in the crystal lattice be reacted, it is 
highly improbable that the concentration of ZnEtCl would attain this*high 
a value. 

To account for the activation effect, the proposal is made that the ad- 
sorption of amine molecules on the crystal surface in the vicinity of an 
active and stereospecific site influences its activity. The presence of the 
electron donor would affect the coordinating capacity of the chlorines 
surrounding the active site. (That the propagation bonds, i.e., Zn-C 
or Ti-C in bimetallic and monometallic mechanisms, respectively, are 
activated by the amine cannot be excluded.) The presence of a positively 
charged titanium atom polarizes the electrons of the chlorine atoms nearby, 
and consequently the latter are not equivalent to face chlorines further 
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removed from the site. According to a bimetallic mechanism in which 
ZnEt-polymer and the exposed titanium are bridged through a chlorine 
atom, the presence of the amine (or an electron donor) in the vicinity of 
the active site would decrease the coordination capacity of the bridging 
chlorines. Consequently, as the number of neighboring adsorbed amine 
molecules increases (but not to a saturation point), the number of bi- 
metallic complexes and their strength will increase. 

CdEte is like ZnEte in that it does not coordinate readily with EtsN 
and has a similar but lower reactivity in organic reactions. It was there- 
fore surprising to find that EtsN did not activate the cadmium system in 
a manner similar to that found with ZnEt,. and ZnEtCl. We speculated 
that perhaps with ZnEt, and ZnEtCl inactive face exposed titaniums were 
found and that such exposed titaniums if in the vicinity of the active sites, 
adversely affected the polymerization activity. The amine, according 
to the explanation suggested above, functioned to counteract this effect. 

However, we believe that amine adsorption on the chlorine surface 
rather than to exposed regions is mainly responsible for the activating 
effect. That bulky amines such as (n-octyl);N effected the activation of 
the catalyst but were not readily coordinated with nonstereospecific sites 
suggests that adsorption and not coordination processes are predominating. 

That EtsN increased the catalyst activity both before and after the 
polymerization has commenced shows that the phenomena are not merely 
related to decreasing the induction period. That a large activating effect 
was observed at a low ZnEt: concentration argues against degradation 
of the catalyst surface by excess ZnEte. Taking into consideration that 
Ets;N in concentrations as low as 0.003 mole/liter in the ZnEte-a-TiCl;- 
propylene catalyst sufficed to effect activation, and that ¢;N or (@CH2);N 
were inert even at higher concentrations is evidence that the activation 
effect is not due to an increase in the dielectric constant of the solvent 
mixture. 

It is not possible to specify the nature of the interaction of the amine 
and the remaining available stereospecific sites at very high concentra- 
tions of EtsN. The dielectric constant of the solvent mixture is then much 
greater than that of heptane alone. The solution concentration of KtsN 
molecules in the vicinity of the remaining sites may be so great as to 
virtually block out propylene molecules. That the intrinsic viscosities 
of the formed polypropylenes increased in the entire range of t;N shows 
that the active site was affected simultaneously. 


Effect of Other Amines of Different Steric Bulk 


That the various sites (exposed titaniums) have different steric environ- 
ments and consequently different capacities to coordinate with amines 
is also clearly shown in experiments where the bulk of the amine was varied 
(Fig. 4). When increasing amounts of pyridine and (n-Bu);N were added 
to the ZnEt.~y-Al,Ti,Cl,-160 system when used for propylene polymeriza- 
tion, changes in the catalyst activity and specificity were observed also. 
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The behavior of pyridine (as well as of Et.NH or piperidine) was quite 
different than that of Et;N. Conversions dropped steadily until finally 
the catalyst became inactive while the infrared ratios rose very slightly 
as the amine concentration was increased. This is interpreted to mean 
that pyridine complexes almost nonselectively with both the nonstereo- 


specific and stereospecific sites. 

The bulkier (n-Bu);N caused neither a sharp drop in activity at low 
amine concentrations nor a corresponding high increase in the infrared 
ratio. This is interpreted to mean that complex formation between the 
nonstereospecifié sites and amines, bulkier than Et;N, occurs with difficulty. 
Increased conversions at high (n-Bu);N concentrations occurred, showing 
that complex formation of the inactive sites and the amine occurred with- 


out much difficulty. 

That the nonstereospecific sites (exposed titaniums) present different 
steric environments and tendencies to form complexes is shown also with 
amines of higher steric bulk. As the capacity of the amine to complex 
with nonstereospecific sites becomes less with increasing amine bulk the 
conversion at these sites becomes higher and the infrared ratios (specificity) 
become lower since fewer of these sites are inactivated. 

The coordination capacity of these trialkyl amines with the nonstereo- 
specific sites at low amine concentrations was apparently determined 
predominantly by the steric rather than the polar effects, i.e., the order 
of decreasing basicity for the ZnEt.—y-Al,Ti,Cl,-160 catalyst being Et;N > 
n-Pr;N > (n-Bu);N = (é-pentyl);N = (n-hexyl);N > (n-octyl);N. Also 
when secondary amines were added to this catalyst system steric rather 
than polar effects predominated e.g., the order of decreasing basicity being 
Et2.NH > (n-Bu),.NH > (n-heptyl)2.NH (Table III). Both n-BuNH, 
and t-BuN H: were found to be strong bases. 

While the trialkyl amines showed different deactivating effects when 
present in low concentrations all of these amines, Et;N through (n-octyl)3;N, 
activated the catalyst if added in higher concentrations, e.g., 0.03 moles/ 
liter heptane. Although in all cases the infrared ratios obtained with 
these amines at higher concentrations were greater than when the amines 
were present at lower concentrations, their relative values varied and 
became less as the bulk of the amine was increased. Apparently, even in 
high concentrations the more bulky amines complex less readily with the 
nonstereospecific sites. 

If the basicity of the amine becomes small due to great bulk, e.g., 
(@CH:);N or both bulkiness and electron withdrawal by the groups at- 
tached to nitrogen, e.g., ¢;N, then negligible effect is observed on the 
conversion or the infrared ratio of the polymer formed. This suggests 
that there is a lack of complexing of these amines and all of the available 
exposed titaniums. Apparently, tribenzyl amine does not complex AIEt; 
readily either for Vesely and co-workers" found that it was also inert in 
the AIEt;—a-TiCl; catalyst for propylene polymerization. 
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Other Polar Compounds 


These phenomena are not unique to amines (Table V); the phosphines, 
¢;P and (n-Bu);P were found to exert an accelerating effect; that $;P 
forms complexes in contrast to ¢;N, which did not, is attributed to the 
greater atomic radius of the central atom. ¢;P, did not increase greatly 
the specificity of the polypropylene, showing that it did not coordinate 
readily with the nonstereospecific sites. 

Apparently, even partially oxidized ZnEt2, (ZnEtOR or Zn(OR):» mole- 
cules formed by the addition of 1 mole O./4.5 moles ZnEt,) can function as 
complexing agents. In the presence of this amount of oxygen the con- 
version dropped by a factor of '/2 while the infrared ratio (stereospecificity) 
of the polymer formed increased from 0.65 to 0.90. The latter result is 
in agreement with the oxygenated zine alkyl having reacted with the non- 
stereospecific sites in a fashion described for amines. The presence of 
small amounts of oxygen may possibly account for the higher infrared 
‘atios obtained for polymers prepared with low ZnEts concentrations as 
shown in the previous paper.’ In contrast the presence of oxygen in 
aluminum alkyl based Ziegler catalysts has been reported to be deleterious. 


Concluding Comments 


By adding the present findings to those of the many others who have 
sought to elucidate the Ziegler catalysts, we may begin to get an indication 
of how the catalyst components influence stereospecificity. The previous 
paper” emphasizes that interactions between the catalyst components 
play an important role in determining the specificities of the sites. Struc- 
ture of the metal alkyl or the transition metal compound is predominantly 
important to the extent that the catalyst components interact in the pres- 
ence of the olefin to form the catalyst surface. This interaction results 
in a crystal surface characterized by isolated sites of different capacities 
to complex and orient the olefin, namely that a unique distribution of 
stereospecific and nonstereospecific sites results. 

The assertion by Natta and co-workers! that the layer forms of titanium 
trichloride are characterized by substantially the same active center, 
and that the metal alkyl controls specificity was not shown to be valid for 
the catalyst systems examined in these studies. In combination with 
ZnEt2 the various layer (a and y) forms of the titanium chloride and the 
linear 8 form yielded polypropylene of different stereospecificity. When 
EtsN was added all of these systems yielded polypropylene of comparable 
stereospecificity. Since monofunctional amines and ZnEt. do not form 
complexes” the interaction of the amine was essentially with the titanium 
chloride surface. Since in all cases the amine increased stereospecificity 
we interpret this to mean that the nonstereospecific'sites of these catalysts 
were inactivated and that essentially only the stereospecific sites on the 
crystal surface remained. Thus, we attribute to the environment of the 
transition metal, and not to metal alkyl structure, the major role of de- 
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termining specificity at the reaction center where orientation and growth 
occurs. 

We agree that the metal alkyl can influence specificity during the growth 
process if it augments dissociation-association and transfer processes which 
result in inversions of conformation along the polymer chain. While this 
may be pronounced for metal alkyls bearing substituents which promote 
solubilization, e.g., Al(n-octyl);, our findings show that for low molecular 
weight metal alkyls, e.g., AIEt; or ZnEte, this cannot be a major influence. 
Also the metal alkyl may influence specificity if it selectively complexes 
(bimetallic mechanisms) or alkylates (monometallic mechanisms) the 
various potential sites (exposed titaniums) of different specificities to form 
the active reaction centers. The influence of metal alkyl may also be 
more pronounced under conditions where the bimetallic complex is more 
compressed, i.e., at lowér polymerization temperatures. 

This investigation has demonstrated that electron donor compounds 
can be used as a diagnostic tool to study in considerable detail the nature 
of the transition metal compound surface. - 
















APPENDIX 


Some Comments on a Bimetallic Heterogeneous Mechanism in a Ziegler 
Polymerization 






Several different versions of bimetallic mechanisms have been proposed 
to explain the mechanistic path by which olefins are polymerized with 
heterogeneous Ziegler catalysts (e.g., see refs. 21-29). While there is 
general agreement that growth takes place at the metal carbon-bond of 
the metal alkyl, there is not common agreement as to the exact placement 
of the metal alkyl in the complex or the means by which the olefin is ori- 
ented and activated. It is the intent of this summary to suggest a path 
by which activity and stereospecificity can be explained. 

The author prefers reactive sites consisting of exposed transition metal 
atoms coordinated with the metal alkyl molecules through halogen bridges. 
In contrast, Natta has proposed a scheme whereby the metal of the metal 
alkyl actually occupies (by epitaxy) a position similar to that of titanium 
in the crystal lattice.2* Formation of bimetallic complexes is consistent 
with the tendency of certain metals, such as Al, Zn, Be, to increase their 
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Fig. 9a. Chlorine vacancy and a penta- Fig. 9b. Bimetallic reaction complex. 
coordinate titanium. 





Where the dashed circle represents the defect existing as a result of chlorine deficiency. 
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Fig. 10. Transition state Fig. 11. 


coordination number. The AlEt;—a-TiCl; catalyst is used for illustration 
in igures 9a and 9b. 

The exposed transition metal functions to complex the olefin in the 
primary step. Thereby, the electron density at the double bond is lowered, 
and also the double bond becomes polarized.** The concerted process 
by which the metal alkyl then reacts with the olefin (e.g., propylene) re- 
quires only small nuclear displacements, e.g., figures 10 and 11. Only 
those complexed propylenes that are in juxtaposition to assume this transi- 
tion state will be interposed into the Al-C bond. This position of the 
complexed metal alkyl is of utmost importance in deciding which of the 
complexed olefins will be consumed. If large nuclear displacements are 
required, then that particular complexed propylene will not be in a fa- 
vorable position for the concerted process to occur. The unsubstituted 
carbon of the olefin couples with the aluminum as suggested by others. 
The driving force for olefin-complex formation is the attainment of a 
titanium coordination number of six. 

Propagation then consists of the repetition of this two stage process: 


9b + monomer — 10 
10 concerted — 11 


Termination occurs by displacement and disproportionation processes 
already described.**! 

While exposed titanium atoms are inherent in the formation of the 
crystal, others may be formed during cleavage of the crystal by mechanical 
forces imposed by the growing polymer,” by abstraction of chlorine atoms 
by metal alkyl molecules, decomposition of alkylated titaniums, and ex- 
ternally by mechanical grinding. 

The mode of cleavage plays an important role in determining the final 
nature of the crystal surface, e.g., distribution of exposed titaniums at the 
edges, corners, and faces of the crystal, the number of chlorine deficiencies 
forming the various sites, and the relative placement of adjacent chlorine 
deficiencies. Impurities within the crystal lattice will affect the mode of 
cleavage. Impurities on the crystal surface may also determine the mode 
of cleavage by restricting polymer growth to certain spots on the crystal. 

Catalyst activity and stereospecificity can be influenced in part, by the 
binding energy of the anions in the crystal lattice, and this cannot be 
ignored in attempting to rationalize experimental results. 
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It is postulated that for a bimetallic mechanism only exposed titaniums 
located at the edge of the crystal will favor stereospecific polymerization. 
There is no need for more than one chlorine deficiency per exposed site; 
moreover, according to these proposals two exposed sites would favor the 
nonstereospecific growth. 

These proposals are based on several assumptions; (/) the complexed 
monomer will not point its substituted end toward the metal alkyl because 
of steric interactions, (2) because of the shielding of the face exposed 
titanium by the metal alkyl complexed with it, the face site is not favorable 
for complexing with the olefin, and we propose that this site is essentially 
inactive. The edge sites are suggested to be more favorable (see Figs. 
la and 1b). Sites of type VI would be expected to form with most diffi- 
culty since the binding of two titanium atoms has to be overcome. Thus, 
edge sites of one exposed titanium, e.g., types II and IV, would be expected 
to form in greatest number. 

The olefin will be oriented in such a way as to have the c=c parallel 
to either of the two diagonals of the square formed by the chlorines as- 
sociated with the exposed titanium (see, e.g., ref. 12). In no other way can 
the required orbital overlap be attained. The olefin will coordinate only 
in those positions which will minimize the interaction between its a-sub- 
stituent and chlorines of the crystal. As proposed only those complexed 
olefins that will require only small nuclear displacements in order to form 
the transition state shown in Figures 10 and 11 will be consumed in the 
growth process. 

Because of the reversibility of the complex-forming step, 9a to 9b growth 
of a polymer chain may occur at more than one transition metal center. 
Blocks of atactic and isotactic sequences in a given chain are formed if part 
of the growth occurs at an edge site and part at a nonstereospecific site. 
Similarly stereoblock polymer (d and / sequences in a given chain) result if 
part of a chain grows when the long chain aluminum alky] is bridged to one 
site and then further growth takes place at another site which is the mirror 
image. 

Since the lability of the bimetallic complex is partly determined by the 
steric and electronic nature of the groups attached to ‘aluminum, the 
frequency of change from one site to another (inversions), and thus the 
stereoregularity of the polymer can be partially influenced by the metal 
alkyl compound. 

The work described in this and in the previous paper could not have reached the final 
stage without the continuous encouragement of Dr. E. A. Youngman, who also offered 
many excellent suggestions and criticisms as the experimental results were interpreted 
and as these papers were formulated. The criticisms and suggestions of my colleagues 
especially Dr. O. Johnson and Dr. H. E. De La Mare are acknowledged with thanks. 
Several discussions with Dr. P. Cossee during the preparation of this manuscript were 
especially helpful. The author wishes to acknowledge the diligent assistance of D. W. 


Penhale in the performance of the technical work. 
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Synopsis 


Amines of different steric bulk and in varying concentrations have been added to 
catalysts based on ZnEte, ZnEtCl, and CdEtz in combination with titanium chlorides 
when used for the polymerization of propylene. Layer (a,y) and linear (8) type ti- 
tanium chlorides (with and without AICI; in solid solution) were examined. Attendant 
changes in catalyst activity, polymer tacticity, and molecular weight were noted. Since 
ZnEte, unlike an aluminum alkyl, does not form complexes with monofunctional amines 
the effects on the reaction parameters were interpreted directly as interactions between 
the amine and the titanium chloride surface. The findings of this study strongly sup- 
port the idea that isolated sites which possess different capacities to complex electron 
donors exist on the crystal surface of the titanium chloride. For the ZnEt,—y-Al,- 
Ti,Cl,-160 catalyst the initial addition of an amine, e.g., Et;N, resulted in a sharp de- 
cline in catalyst activity and a sharp increase in specificity. We interpret this to mean 
that the amine inactivated the nonstereospecific sites. Further addition of the amine 
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resulted in a sharp increase in catalyst activity, even above that found if no amine was 
present, but only a minor increase in specificity was simultaneously observed. To 
account for this activation effect the proposal is made that the adsorption of amine 
molecules in the vicinity of an active and stereospecific site increases its activity. Al- 
ternate explanations are also discussed. Only in the presence of excess Et;N was the 
catalyst activity suppressed, i.e., the stereospecific sites inactivated. The capacity of 
the various amines to coordinate with the nonstereospecific sites decreased as the amine 
bulk increased, i.e., in the trialky] series Et > nPr > nBu ~i-pentyl = n-hexy] > n-octyl. 
Thus steric effects imposed by their substituents controlled the basicity of the amines 
with the nonstereospecific sites as reference acids. Triphenyl amine and tribenzyl 
amine were found to be inert in the same catalyst systems. In contrast all of the tri- 
alkyl amines in high concentrations, Et;N through (n-octyl);N, increased conversions 
considerably, suggesting that adsorption rather than coordination processes predom- 
inate. These findings support the idea that the layer and linear forms of titanium 
chlorides in the Ziegler catalyst are characterized by isolated ‘sites of different capacities 
to orient the a-olefin in the propagation step. We assign to the environment of the 
exposed titanium and not to the metal alkyl structure the major role in determining 
stereospecificity in a heterogeneous Ziegler polymerization of a-olefins. 


Résumé 


Des amines 4 encombrement stérique différent et en concentration, variable ont été 
ajoutées a des catalyseurs constitués de ZnEte., ZnEtCl, et CdEt, combinés avee du 
chlorure de titane, utilisé pour la polymérisation du propyléne. Des chlorures de titane 
du type & couches (a,7) et du type linéaire (8) ont été examinés (avec ou sans AICI; 
en solution solide). Les changements survenant dans |’activité catalytique, la tacticité 
du polymere et le poids moléculaire ont été notés. Etant donné que le ZnEte, différant 
en ceci des alcoylaluminiums, ne forme pas des complexes avec des amines monofonc- 
tionnelles, les effets sur les paramétres de la réaction ont été interprétés comme des inter- 
actions entre la surface de l’amine et du chlorure de titane. Les résultats de cette étude 
soutiennént fortement |’idée qu’il existe sur la surface du cristal de chlorure de titane des 
sites isolés qui posstdent des capacités différentes pour complexes des donneurs d’élec- 
trons. Pour le catalyseur ZnEt,—y-Al,Ti,Cl,-160 l’addition initiale d’une amine, par 
exemple, Et;N, résulte en un net déclin de l’activité catalytique et une nette augmenta- 
tion de specificité. Pour interpréter ceci nous pensons que |’amine désactive les sites 
non-stéréospécifiques. Une addition ultérieure d’amine donne lieu 4 une nette crois- 
sance de l’activité catalytique, méme au dessus de celle trouvée en absence d’amine, 
mais seulement une faible croissance dans la spécificité a été observée simultanément. 
Pour expliquer cet effet d’activation on propose que |’adsorption de molécules d’amine 
au voisihage d’un site actif en stéréospécifique accroit son activaté. D’autres ex- 
plications sont également discutées. Ce n’est qu’en présence d’un exces de Et;N que 
l’activité catalytique a été supprimée, e’est a dire, que les sites stéréospécifiques ont été 
désactivés. La capacité des différentes amines pour se lier par coordination avec les 
sites non-stéréospécifiques diminuait lorsque l’encombrement de |’amine augmentait, 
c.a.d., que dans la série trialeoyle Et > n-Pr > n-Bu & i-pentyl & n-hexyl > n-octyl. 
Ainsi les effets stériques imposés pr leur substituants controlent la bascicité des amines 
avec les sites non-stéréospécifiques comme acides de référénce. La triphénylamine 
et la tribenzylamine se sont révélées inertes dans les mémes systémes catalytiques: 
comme contraste toutes les trialeoylamines 4 concentrations élévées, de Ets;N jusqu’d 
(n-octyl);N, augmentaient considérablement les conversions, suggérant que les pro- 
cessus d’adsorption plutét que ceux de coordination prédominent. Ces résultats soutien- 
nent l’idée que les formes linéaires et & couches de chlorure de titane dans le catalyseur 
de Ziegler sont caractérisées par des sites isolés de différentes cApacités d’orienter 
l’a-oléfine dans |’étape de propagation. Nous attribuons 41’entourage du titane exposé 
et non 4 la structure alcoyle métal, le réle principal dans la détermination de la stéréo- 
spécificité dans une polymérisation hétérogéne de Ziegler d’ a-oléfines. 


ZIEGLER POLYMERIZATION OF OLEFINS. II 


Zusammenfassung 


Amine von verschiedener Raumbeanspruchung wurden in variierter Konzentration 
Katalysatoren auf Grundlage von ZnAte, ZnAtCl, und CdAt, in Kombination mit 
Titanchloriden bei der Polymerisation von Propylen zugesetzt. Titanchloride vom 
Schicht-(a,y)- und linearen (8) Typ (mit und ohne AICI; in fester Lésung) wurden 
untersucht. Die auftretenden Anderungen der Katalysatoraktivitat, der Taktizitit 
und des Molekulargewichts des Polymeren wurden festgehalten. Da ZnAts ungleich 
einem Aluminiumalkyl, mit monofunktionellen Aminen keine Komplexe bildet, wurde 
der Einfluss auf die Reaktionsparameter als Folge einer direkten Wechselwirkung zwis- 
chen Amin und Titanchloridoberfliiche betrachtet. Die Ergebnisse der vorliegenden 
Untersuchung bilden eine starke Stiitze fiir die Anschauung, dass auf der Kristallo- 
berfliche des Titanchlorids isolierte Zentren mit verschiedener Kapazitit fiir die kom- 
plexe Bindung von Elektronendonatoren vorhanden sind. Beim ZnAt--y-Al,Ti,Cl.- 
160-Katalysator fiihrte der erste Zusatz eines Amins, z.B. At;N, zu einem scharfen Abfall 
der katalytischen Aktivitit und einem scharfen Anstieg der Spezifitit. Das wird 
dahingehend interpretiert, dass das Amin die nicht-stereospezifischen Zentren des- 
aktiviert. Weiterer Aminzusatz ergab einen scharfen Anstieg der katalytischen Ak- 
tivitit, sogar tiber die ohne Amin vorhandene hinaus, gleichzeitig wurde aber nur eine 
schwache Spezifitiitszunahme beobachtet. Zur Erklirung dieses Aktivierungseffektes 
wird angenommen, dass die Absorption eines Aminmolekiils in der Nachbarschaft eines 
aktiven und stereospezifischen Zentrums dessen Aktivitit erhéht. Alternative Er- 
klirungsméglichkeiten werden gleichfalls diskutiert. Nur in Gegenwart von iiber- 
schiissigem At;N wurde die katalytische Aktivitit unterdriickt, d.h. die stereospezifischen 
Zentren desaktiviert. Die Koordinationskapazitit der verschiedenen Amine mit den 
nicht-stereospezifischen Zentren nahm mit steigender Raumbeanspruchung der Amine 
ab, d.h. in der Trialkylreihe At > n-Pr > n-Bu &i-Pentyl & n-Hexyl > n-Octyl. Die 
sterischen, durch die Substituenten hervorgerufenen Effekte hatten damit Einfluss auf 
die Basizitit der Amine gegebiiber den nicht-stereospezifischen Zentren als Bezugs- 
Siuren. Triphenylamin und Tribenzylamin erwiesen sich in den gleichen Katalysa- 
torsystemen als unwirksam. Alle Trialkylamine, von At;N bis (n-Octyl);N setzten aber 
in hoher Konzentration den Umsatz betrichtlich hinauf, was dafiir spricht, dass nicht 
Koordinations- sondern Adsorptionsprozesse iiberwiegen. Die Ergebnisse stiitzen die 
Anschauung, dass Schicht- und lineare Formen von Titanchloriden im Ziegler-Katalysa- 
tor durch isolierte Zentren mit verschiedener Fiahigkeit zur Orientierung des a-Olefins 
beim Wachstumsschritt charakterisiert werden. Der Umgebung des exponjerten 
Titans und nicht der Metallalkylstruktur wird die Hauptrolle bei der Festlegung der 
Stereospezifitiit bei einer heterogenen Ziegler-Polymerisation von a-Olefinen zuge- 
schrieben. 

















JOURNAL OF POLYMER SCIENCE: PART C NO. 1, PP. 281-304 (1963) 


Kinetics and Mechanism of Ethylene Polymerization 


by the Ziegler-Martin Catalyst 


T. P. WILSON and G. F. HURLEY, Union Carbide Olefins Company, 
A Division of Union Carbide Corporation, South Charleston, 
West Virginia 


INTRODUCTION 


The Ziegler! catalyst most commonly used for the production of high 
density polyethylene is obtained by mixing TiCl, with an aluminum alkyl! 
in a hydrocarbon solvent. When these components are mixed, at room 
temperature to 75°C., the reaction mixture darkens and a finely divided, 
brown precipitate forms rapidly. Studies have been made of the reactions 
occurring as the catalyst is formed.? These indicate that the TiCl, is 
reduced more or less rapidly and completely to TiC]; or TiCle, and that the 
precipitate is largely the reduced titanium chloride with some aluminum 
chloride also present. Several investigations of the kinetics of olefin 
polymerization by these catalyst systems* have also been reported. These 
usually agree that the polymerization occurs on the surface of the solid 
present. So far though, no studies of ethylene polymerization by these 
catalysts have been reported using catalyst systems which were stable with 
respect to valence change and in which the extent of surface was controlled. 
The work reported here was undertaken in the hope that the use of a well 
defined catalyst system, in the senses mentioned, would make it possible 
to obtain more meaningful rate measurements and so increase our under- 
standing of the mechanism by which these interesting catalysts effect 
polymerization. If such information were obtained, it seemed possible 
that a comparison of the results with those reported* for propylene poly- 
merization might prove illuminating. 

A catalyst system having the desired characteristics has been described 
by Wesslau.6 This is the three component system: brown TiCl;-TiCl- 
RAICl. The brown TiCl; employed was prepared by a separate reduction 
of TiCl, with R,AICI, followed by exhaustive washing of the precipitate to 
remove soluble chlorides. All three catalyst components have been shown 
to be necessary. RAICl, is practically incapable of reducing TiCl, to 
TiCl; at the concentrations employed, hence the system is fairly stable so 
far as change in titanium valence is concerned. When all three components 
are present, a reasonably steady rapid polymerization of ethylene is ob- 
tained. Results of a study of ethylene polymerization kinetics using 
this three component catalyst system will be presented here. 
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EXPERIMENTAL 


n-Heptane and isooctane (Phillips Petroleum Company, ASTM grade) 
were used as solvents. ‘They were purified by percolation through 28-200 
mesh Davison silica gel. Approximately 200 g. of silica gel were used per 
liter of solvent. Solvents were stored with sodium ribbon under nitrogen 
until needed. 

Ethylene (Phillips Petroleum Company, Polymerization Grade) was 
purified by passage through Linde 5A Molecular Sieve at 500 psi and room 
temperature. 

Propylene (The Matheson Co., Inc., 99%) was passed through Linde 5A 
Molecular Sieve, then scrubbed one hour at 150°C., 1000 psi with Na-K 
alloy in decalin. It was stored in the scrubber at room temperature until 
needed. 

Nitrogen (Linde Air Products Co., H. P. Dry) was purified by passage 
over a reduced copper-chromia on Aloxite catalyst at 500°C. then through 
Linde 5A Molecular Sieve at room temperature. 

TiCl, (Matheson, Coleman and Bell, 99.59%) was used as received. 

(¢-Bu)3;Al (Union Carbide Chemicals Company, not for sale) was puri- 
fied by distillation in a small packed column at 4:1 reflux. - Boiling point 
was 45°C. at about 1.0 mm. Hg. 

(7-Bu)2AICI (Union Carbide Chemicals Company, not for sale) was puri- 
fied by distillation as was (7-Bu);Al. Boiling point was 110°C. at about 1.5 
mm. Hg. 

(t-Bu)AICl, was prepared by the slow addition of, for example, 0.7 
moles of crude (7-Bu);Al to 1.7 moles of dry AlCl; (Baker and Adamson, 
Reagent Grade) in a two liter, three-necked flask equipped with a half 
moon stirrer and purged with a slow stream’ of nitrogen. The reaction 
vessel was cooled with ice until all the alkyl had been added, after which the 
contents were allowed to warm to 30°C. and held there for one hour. Por- 
tions of 20-25 ec. of the black suspension were transferred to serum bottles. 
The stoppers were sealed with polyethylene tape and the bottles were 
stored in a dry box under nitrogen until used. The black deposit settled 
on standing and the clear supernatant liquid was used in the experimental 
work. 

The use of the product without distillation as isobutyl aluminum di- 
chloride was of course convenient. It was justified chemically by a series 
of experiments in which excess AlCl; was added to a mixture of (7-Bu)3Al 
and AICI; prepared as described above, but at a nominal 1:2 mole ratio. 
After thorough mixing, the samples were allowed to stand 48 hr. at room 
temperature. Analyses of aliquots of the supernatant liquids then gave 
the results shown in Table I. 

Evidently the material originally prepared was somewhat low in chlo- 
ride content. Addition of AICI; never raised the chloride content above 
two atoms of chlorine per atom of aluminum, indicating that there is es- 
sentially no solubility of AICI; in (7-Bu)AICly. In agreement with expecta- 
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TABLE I 
Solubility of AlCl; in (2-Bu)AICl, 


Atom or mole ratio in product 


Cl/R 








Sample Cl/Al* R/Al» 
(7-Bu) AIC ‘ 1.78 1.09 1.63 
(i-Bu)AICl, + 10% AICI, 1.90 0.95 2.00 
(7-Bu)AICl + 20% AICI; 1.88 0.97 1.94 





* Aluminum determined gravimetrically as AlO;, chloride by titration with silver 
nitrate. 

» Alkyl concentration determined by gas evolution on injecting the liquid into one 
normal NaOH. Corrections applied for temperature, pressure, water vapor, and gas 


law deviation. 


tions based on the work of Roha ct al.,? no hydrogen was found in any of 

the gaseous products of hydrolysis of these samples. This indicates that 

no hydride was present. The fact that the mole ratio of (R + Cl) to Al 

is about 2.85 could either be due to the presence of other ligands, for ex- 

ample oxide or alkoxide, or to systematic overestimation of the aluminum 

contents of the samples by the nonspecific analytical method employed. 
Brown TiC]; was prepared originally hy the reaction: 


10°C 


TiCl, + (7-Bu),AlICl ——— TiCl, + (7-Bu)- + (#-Bu)AICl (1) 


2.0 ml. (0.010 mole) of (7-Bu)2AIC1 in 400 ml. of n-heptane was heated to 
80°C. with stirring under nitrogen. 0.55 ml. (0.005 mole) of TiCl, was 
added and washed in with 100 ml. of n-heptane. Reaction was allowed to 
proceed for three hours at 80°C. This reaction was carried out in a creased 
flask, to the bottom of which had been sealed a fritted glass Biichner fun- 
nel. The brown precipitate was washed six times with 150 ml. portions of 
n-heptane at 60°C. At the end of this washing, samples of the filtrate gave 
no test for chloride on adding aqueous silver nitrate. The brown pre- 
cipitate was then resuspended in 500 ml. of n-heptane and stored under 
nitrogen. Aliquots were removed with a hypodermic syringe as required. 
Analysis showed that even after the thorough washing given the precipitate, 
the final product contained no less than 2 wt.-% aluminum (more than 10 
atom-% of the metal present). The washing was effective in removing 
some of the aluminum originally present in the precipitate, though. When 
TiCl; prepared by the same reaction was washed only twice at 30°C., it 
contained over 20 atom-% aluminum. 

Much more active catalysts were prepared by a slight modification of 
the above procedure, for reasons which became evident in the course of the 
work. The modified preparation employed the reaction 


30°— 80°C 


— TiCl; + (7-Bu)- + (7-Bu),AICI (IT) 





TiCl, + (i-Bu);Al 


Equimolar quantities (0.025 mole) of TiCl, and (7-Bu);Al were added with 
stirring to 500 ml. of n-heptane at 30°C. and the temperature raised, over 
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a period of about an hour, to 80°C. where reaction was allowed to proceed 
for two hours. The brown trichloride prepared in this way appeared to be 
much more easily freed of aluminum halides than that prepared by reac- 
tion (1). 


Apparatus 


Polymerizations were run at atmospheric pressure in a gas tight, one 
liter, creased resin pot equipped with a 3000 rpm hollow shafted turbine- 
type stirrer. The inlet gas, metered through a rotameter, was introduced 
above the liquid surface. The action of the stirrer sucked gas from the 
vapor space and dispersed it in the liquid phase. The effective olefin 
partial pressure was, therefore, equivalent to its partial pressure in the out- 
let gas. The outlet gas was metered with a wet test meter. 

The polymerization system was sealed directly to the solvent storage 
system by glass tubing. Flow of the solvent was controlled by nitrogen 
pressure and appropriately placed stopcocks lubricated with Halocarbon 
stopcock grease (Halocarbon Products Corp., 82 Burlews Ct., Hackensack, 
N. J.). Glass tubing connections were made with standard ball joints 
lubricated with the same grease. The solvent was introduced into the 
reactor through a graduated pipette. Catalyst components were stored in 
small serum bottles which were kept under nitrogen except when in use. 
Catalyst solutions were transferred to the reaction system by hypodermic 









syringe. 





Techniques 





All glassware in the polymerization system was scrubbed with soap and 
water, then oven-dried between experiments. The solvent system was 
kept intact under a nitrogen atmosphere for long periods of time. When 
the polymerization equipment was assembled, it was first purged with 
nitrogen. 200 ml. of heptane and 1.0 ml. of (7-Bu);Al were then added to 
the resin pot and the stirrer was started. This splashed the alkyl around 
the reaction vessel and was thought to react with adsorbed oxygen and 
moisture in the system. At least this pretreatment appeared to improve the 
reproducibility of the results obtained. The scrubbing with alkyl was 
allowed to continue for 15 min. at 50-60°C. The heptane was then blown 
out of the flask through a dip leg by applying nitrogen pressure. 

A fresh charge of 200 ml. of heptane was next added to the resin pot and 
the stirrer restarted. The catalyst components were injected and washed 
in with enough additional heptane to make the total volume of solution 500 
ml. The catalyst components were allowed to mix well, and in some cases 
to age for various periods with gentle agitation. To start the polymeriza- 
tion the stirrer was shut off and the nitrogen purged out of the gas space 
with a high ethylene flow. The stirrer was then turned on cautiously, 
the ethylene inlet flow readjusted to the desired operating level and measure- 
ments of inlet and outlet flow started a minute or two after starting the 
stirrer. During the polymerization the inlet flow was controlled at a 
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level such that the outlet flow was '/,-*/, of the inlet. This prevented any 
significant build-up of inert gases in the system, except when they were 
intentionally added to the feed in large quantities. 

Inlet flow rate and total outlet flow were recorded at five minute intervals 
during a polymerization. This provided an essentially continuous record 
of the instantaneous polymerization rate as a function of time during each 
run. Polymerizations were stopped after about an hour by injection of 25 
ml. of isopropanol. Where very high rates were encountered, shorter 
times were used since ten grams of polymer was considered ample for 
characterization and since the slurry became too thick to stir effectively at 
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Fig. 1. Variation of ethylene polymerization rate with time. 


solids contents greater than five per cent by weight. The polymer was 
recovered by filtration. .t was reslurried three times with about 200 ec. of 
isopropanol to remove catalyst residues as completely as possible, after 
which the crumbly cake of polymer was dried at 60-65°C. in a vacuum oven. 

The catalyst concentrations used in this and other studies of Ziegler type 
catalysts are necessarily low since the catalysts themselves are so active. 
The catalysts are also extremely sensitive to various poisons such as water, 
alcohols, acetylenes, and dienes. This combination of characteristics 
makes difficult the performance of meaningful kinetic measurements on the 
system. A brief discussion of the reliability of the data to be presented 
here in the light of these and other problems therefore appears to be 


required, 
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Typical records of the variation of rate of polymerization with time are 
shown in Figure 1. The difference in apparent catalyst stability resulting 
from aging this particular catalyst mixture could be reproduced so it would 
seem to be a real consequence of the catalyst treatment. Other catalyst 
mixtures showed less difference in behavior on aging, and none lost activity 
much more quickly at 60°C. than the aged catalyst mixture shown in 
Figure 1. When aged and unaged catalyst mixtures showed marked 
differences in aging characteristics, the aged catalyst mixture consistently 
had the higher initial activity. It was concluded that the catalytically 
active species forms relatively slowly in such cases, and that its continuing 
formation in the unaged catalyst systems compensates for other factors 
causing decreases in polymerization rate in both aged and unaged catalyst 
systems. 

The initial maximum in the rate of polymerization was used as a measure 
of the catalyst activity for several reasons. In the first place it was the 
only clearly definable portion of the rate curve. Furthermore, the early 
stages of the polymerization should be least affected by impurities intro- 
duced into the system with the feed gas. In addition the change in 
catalyst environment from the solvent to polyethylene would be expected 
to have had its least opportunity to change the catalyst characteristics. 

The precision of the polymerization rate measurements is indicated by 
their reproducibility and lack of deviation from smooth curves. This 
precision was obtained in spite of changes in solvent and gas supply, 
indicating that impurities introduced from these sources had little in- 
fluence on the results obtained. 

Rates of ethylene polymerization decreased with reaction time using 
brown TiCl;—(7-Bu);Al catalysts as well as the Ziegler-Martin catalysts. 
In the case of the two component catalysts, rates were found to decrease 
considerably more rapidly at 20°C. than at 60°C. Such an effect of tem- 
perature would not be expected if poisons were responsible for the loss in 
catalyst activity. A more reasonable explanation involves the build-up 
of a polymer coating around the catalyst particles. The coating would 
change the catalyst environment and could interfere with diffusion of 
ethylene, catalyst components, or solvent to the catalyst surface. Diffusion 
of ethylene through high density polyethylene can be calculated to be a 
possible rate limiting process in these experiments only if the catalyst is 
present as particles larger than 1 to 10 uw in diameter. The sedimentation 
and filtration behavior of the catalyst in heptane would suggest that the 
particle agglomerates were in fact larger than 10 ». Limitation of the 
rate by an activated diffusion process would lead to the observed depend- 
ence of rate on temperature. If diffusion were limiting the rate, the 
chemically limited reaction rate would be found only in the first stages of 
polymerization. A rate of polymerization at zero time might have been 
calculated by extrapolation of the measured rate data, but the correction 
would have been small and difficult to justify quantitatively. 

Polymer properties were measured on representative samples of the 
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material produced throughout the polymerization. The properties deter- 
mined therefore represent averages for all the conditions encountered. 
Impurities in feeds and changes in catalyst characteristics for other reasons 
would be expected to have greater effects on these polymer properties than 
on the initial rates of polymerization. Tor this reason and because of the 
relatively crude techniques used in the molecular weight determinations, 
only major changes in levels of molecular weight were considered to have ab- 
solute significance. 


Calculations 


Molecular weights of polymers were calculated from either intrinsic 
viscosity or melt index* measurements. Intrinsic viscosities were measured 
in decalin at 135°C. The intrinsic viscosity-molecular weight correlation 
of Francis, Cooke and Elliott® was employed throughout this study. This 


is 

[n] = 6.77 x 10-4420. (1) 
Specific viscosities were not corrected for shear. In the case of the high 
molecular weight polymers this was because the calculated shear cor- 
rections’ proved negligible at the very low polymer concentrations employed. 
These concentrations were below 0.010 g./100 ml. Intrinsic viscosity 
was calculated from reduced specific viscosity using Huggins" equation, 
as indicated by Francis et al. 

Yor polymers with molecular weights below 300,000 by eq. (1), it was 
generally more convenient to measure melt index than intrinsic viscosity. 
A correlation between molecular weight as determined from intrinsic 
viscosity by eq. (1) and melt index as determined by the standard pro- 
cedure’ was established by the Development Department of Union Carbide 
Chemicals Company, using samples of Ziegler polyethylene. It is recog- 
nized that this correlation cannot be applied quantitatively to samples 
having widely different molecular weight distributions. Nevertheless, the 
results obtained in a series of experiments with a particular catalyst system 
might be expected to be correct relative to one another. ‘The correlation 
employed may be written 

(M.I.)M,33 = 2.0 X 10” (2) 


where the MM, is viscosity average molecular weight as determined by 
eq. (1). 


RESULTS AND DISCUSSION 
The TiCl;—(i-Bu) AICI; _, Catalyst Systems 


An initial series of experiments was done with two component Ziegler- 
type catalyst systems consisting of brown TiCl; and various isobutyl 
aluminum compounds. The results obtained are of some help in interpret- 
ing the data from the three component catalyst system, so they will be 
described briefly here. 
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TABLE II 


Effect of Aluminum Alkyl on Rate of Ethylene Polymerization 


Aluminum alkyl : 
mpl esas Maximum rate 





Concentration," of polymerization, 

Compound millimoles/liter g. CoH,/hr./g. TiC; 
(7-Bu)AICl, 10.0 2 
(i-Bu)AICl, 6.7) . 
(i-Bu),AICIJ 6.7) 
(7-Bu).,AICI 20.0 50 
(i7-Bu),AICl 5.0 

7 / , 700 
(i-Bu);Al { 2. 5f 

5.0 800 


(i-Bu);Al 


® Rates of polymerization were essentially independent of aluminum alkyl concen- 


tration in the ranges used here. 


The rates of ethylene polymerization were found to increase by orders of 
magnitude on changing from (7-Bu)AICl, to (¢-Bu),AICI and then to 
(¢-Bu)3;Al. Data are presented in Table II. Note that large quantities of 
aluminum alkyl were present in all cases for which data are given. 
Doubling the quantities of alkyl used would have had little effect on the 
rates. 

The quantity of (7-Bu);Al required to reach the maximum rate of 
ethylene polymerization depended on the method used to prepare the TiCl,. 
When TiC]; was prepared by reaction (I) and then washed only twice at 
room temperature the rate increased to its maximum value only after 
adding an amount of (7-Bu);Al equivalent in moles to the TiCl; present. 
If, on the other hand, the brown trichloride was washed four times at 
60°C., appreciably lower ratios of (¢-Bu);Al to TiCl; gave high activities. 

Taken with the analytical evidence that more exhaustive washing 
lowered the aluminum content of the TiCl;, the rate data suggest that 
(t-Bu) AICI, or AICI; is strongly but in good part reversibly adsorbed on the 
TiCl;. The adsorbed aluminum compound can be removed by reaction 
with (7-Bu);Al, but the full effect of (7-Bu);Al as an activator is only found 
after all the (7-Bu) AICI, is eliminated. 

The procedure described by reaction (II) in the experimental section was 
devised to minimize the (7-Bu)AICl, formation during production of the 
TiCl;. It did appear to make the removal of the aluminum from the sys- 
tem easier as judged by the number of washes required to obtain a filtrate 
from which aluminum ‘hydroxide did not precipitate. The trichloride 
produced was not analyzed for aluminum but it was somewhat more 
active in polymerizations than that prepared by reaction I. 

In view of the amount of information published by Natta and co- 
workers‘ on propylene polymerization with the purple TiCl;-(Et);Al 
catalyst, it may be helpful to present here some results obtained on ethylene 
and propylene polymerization with a brown TiCl;-(7-Bu);Al catalyst. 
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TABLE III 


Ethylene and Propylene Polymerization* with TiCl;-R;Al Catalysts 


Monomer Ethylene 
Form of TiCl; Brown Brown Purple 
Catalyst component concen- 0.4 6 4.75 
trations, TiCl;, mmoles/liter 
(7-Bu);Al, mmoles/liter 2.5 § 18-150 
Specific rate, 700 26 5.5> 
g. polymer/g. TiCl;/hr. 
Polymer molecular weight 4.5 X 10 ~250 , 0004 ~300 , 000» 


Propylene Propylene 


* All polymerizations at 60°C. and 570 mm. partial pressure of monomer, or calculated 
to this basis. 

» Calculated from data given in ref. 3, especially 3b. 

¢ From intrinsic viscosity. See ref. 9. 

4 Estimated from melt index, 1.4 dg./min., assuming melt index to be a function of 
degree of polymerization rather than molecular weight. 


The data are given in Table III. It will be noted that propylene poly- 
merization was some 5 times as fast on brown titanium trichloride in these 
experiments as Natta found it to be on his purple trichloride. Ethylene 
polymerization is more than 20 times as fast as propylene polymerization 
on the brown trichloride. The molecular weight of the polyethylene is 
higher than that of the polypropylene produced using the brown tri- 
chloride by nearly the same factor as the rate. 


The Ziegler-Martin Catalyst System, Brown TiCl;—TiCl,RAICI, 


In the first series of experiments with the Ziegler-Martin catalyst,® a 
study was made of the effects on ethylene polymerization rates and poly- 
ethylene properties of changing TiCl; and (7-Bu)AICl, concentrations. It 
should be noted that in this series the catalyst mixture was used within 10 
min. of the time of mixing. The results are presented in Figures 2 and 3. 
Some of the effects these experiments were originally designed to reveal are 
better discussed on the basis of results obtained with-aged catalyst systems. 
Two conclusions of value to the subsequent discussion can, however, be 
drawn from the data. 

The rate of polymerization by the Ziegler-Martin catalyst is proportional 
to the quantity of TiCl,; present, but the melt index is essentially inde- 
pendent of the trichloride concentration. This is readily seen in the 
graphs. These are the results to be expected if polymerization occurs only 
on the surface provided by the trichloride. This is the same conclusion 
reached by Natta‘ with respect to propylene polymerization by the purple 
TiCl;-Et;Al catalyst system. Since the rate seems to be proportional to 
the trichloride surface present, rates measured at different trichloride con- 
centrations are conveniently compared in terms of a specific rate of poly- 
merization, grams of ethylene polymerized per hour per gram of TiCl,. 

The maximum rates of ethylene polymerization shown in ligure 2 occur 
at the lowest (2-Bu)AICl, concentrations. Probably because of impurities 
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© 2 mMOLES TiCig3/LITER 
4A 4 mMOLES TiCi3z/LITER 


POLY MERIZATION 


C2H4/HR./Gm. TiCl3 


SPECIFIC RATE OF 


(i-Bu) AICl2 CONCENTRATION 
mMOLES/LITER 


Fig. 2. Change in rate of ethylene polymerization with isobutyl aluminum dichloride 
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POLYETHYLENE 


(i-Bu) AICl2 CONCENTRATION, 
mMOLES/LITER 


» 
Fig. 3. Change in polyethylene molecular weight with isobutyl aluminum dichloride 
concentration. 


in the solvent and feed gas it proved impossible to operate reproducibly at 
(t-Bu)AICl, concentrations below 0.2 millimole/liter. In fact, poly- 
merization frequently could not be obtained below 1.0 millimole of (7-Bu)- 
AICI, /liter, but conditions were apparently favorable during the series 
under discussion. In this series the polymerization rate decreased as the 
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(t-Bu) AICl, concentration increased from 0.16—1.3 millimoles/liter, then 
levelled out and remained fairly constant up at least to a concentration of 
10 millimoles/liter. 

Impurities in the polymerization system would be expected to have their 
maximum effects at the low catalyst concentrations used in these experi- 
ments, yet it is difficult to interpret the observed phenomena as due to 
impurities. That this is the case lends weight to the argument that data 
obtained at ten times these catalyst concentrations are not significantly in- 
fluenced by impurities. 

The maximum rates of ethylene polymerization at the low (7-Bu)AICl 
concentrations can be interpreted as due to poisoning of the TiCl; surface by 
adsorbed (7-Bu)AICl. If (¢-Bu)AICl is not the catalytically active 
species, but is very strongly adsorbed, and if the polymerization is hetero- 
geneous as postulated, the results observed should:be obtained. The level 
of polymerization rate attained at high (¢-Bu)AICl, concentrations would 
appear to represent the residual activity of an essentially completely 
poisoned TiCl; surface. 

It is of interest to calculate the surface area which might be covered by 
the aluminum alkyl added to the reaction mixture at the point where the 
minimum rate is reached. This point is around one millimole of alkyl! per 
liter when the TiCl; concentration is four millimoles per liter. The area 
occupied by (7-Bu)AICl, has been estimated from tabulated atomic radii 
to be of the order of 50 A.*/molecule, assuming it to be adsorbed as part of 
the chloride lattice of the crystal, with the isobutyl group out. From this 
and the quantity adsorbed, the area of the TiCl; surface can be calculated 
to be 500 square meters per gram. This is only about a third of the maxi- 
mum value estimated from anthraquinone adsorption measurements,'! but 
well within the range considered possible. The (7-Bu)AICl: adsorption 
might give a low result if some were already present on the surface from the 
original preparation of the brown TiCl;. This is not unlikely, since alumi- 
num is known to be present in TiCl; prepared by procedure I. Alter- 
natively, (¢-Bu) AICI, might adsorb strongly on only a fraction of the avail- 


able surface. 


TABLE IV 


Effect of Aging on Polymerization Rate and Polymer Molecular Weight" 








Polymerization rate, Polymer melt 
Aging time, min. g. CoH,/hr./g. TiCls index,’ dg./min. 
10 122 0.26 
10 160 0.62 
25 177 1.24 
70 188 1.44 
70 176 1.66 
130 232 1.68 


* All polymerizations at 65°C. and 1 atm. using 2.5 mmoles (7-Bu)AICh, 2.5 mmoles 
TiCk, and 1.0 mmole brown TiC], in 500 ml. of a-heptane. 
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Aging of the Ziegler-Martin catalyst prior to use was found to change 
both the rate of polymerization and the molecular weight of the polymer 
obtained. Data illustrating these effects are presented in Table IV. The 
polymer melt index was increased by the first half hour to an hour of 
aging, but further aging had relatively little effect. The polymerization 
rate may have continued to increase, but this could be attributed to a slow 
reduction of TiCl by (¢-Bu)AICl. It was therefore decided to age 
catalysts one hour at 65°C. before introducing ethylene in a series of 
experiments in which catalyst component concentrations, ethylene partial 
pressures, and solvents were varied. 


Ethylene Polymerization Kinetics with Aged Ziegler-Martin Catalysts 


Results of the series of experiments with catalyst mixtures aged one hour 
before use are given in Table V, along with comparable results on catalyst 
mixtures which were not aged. The effects of changes in (¢-Bu)AICIl, and 
TiCl, concentrations on the rates of polymerization obtained are shown in 
Figure 4. 

As can be seen, the rate was roughly proportional to the square root of 
the TiCl, concentration. The correction factor, 0.45 millimoles/liter in 






TABLE V 
Effects of Catalyst Aging 


Physical properties 
Catalyst composition, of polymers 
millimoles/liter ee ee 


. : 4 —_____— Max. rate, g."/hr./ Melt index, Molecular 
TiCl, TiCl, RAICI, g. TiCl,; dg./min. weight 
Catalyst Not Aged 
2.0 1.0 5.0 62 0.10 120 , 000 
2.0 1.0 10.0 58 0.12 115,000 
2.0 1.5 5.0 76 0.16 110,000 
2.0 1.5 10.0 76 0.20 100 ,000 
2.0 5.0 2.5 147 0.53 78,000 
2.0 5.0 5.0 124 0.26 94,000 
2.0 5.0 10.0 152 0.60 76,000 

Catalyst Aged One Hour at 60°C. 
2.0 1.0 2.5 74 0.30 90 , 000 
2.0 1.0 5.0 63 0.26 94 ,000 
2.0 1.0 10.0 90 0.31 90 , 000 
2.0 1.5 2.8 79 0.60 76,000 
2.0 L.d 5.0 86 0.82 69 , 000 
2.0 1.5 10.0 126 0.47 80,000 
2.0 2.5 2.5 118 0.84 69 , 000 
2.0 5.0 2.5 159 1.33 62,000 
2.0 5.0 5.0 175 1.66 59 , 000 
2.0 5.0 5.0 187 1.44 61,000 
2 1.46 61,000 


.O 5.0 10.0 252 


* All experiments at 60°C. and one atmosphere in 500 ml. n-heptane. TiCl; made by 
reducing TiC], with Al(i-Bu); and washing with heptane 
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5.0 mMOLES/LITER 
(i-Bu) Al Cl2 


SPECIFIC RATE 
Gm. 


1.0 2.0 
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Fig. 4. Dependence of rate of polymerization on titanium tetrachloride and isobuty] 
aluminum dichloride concentrations. 


the experiments used in the graph, is equivalent to about a quarter of a 
millimole/millimole of brown TiCl,; present. This quantity of TiCl, 
could disappear in a variety of ways. ‘There could, for example, be a re- 
action of TiCl, with some small amount of impurity present in the solvent. 
The most reasonable possibility, though, appears to be that the TiC]; was 
slightly over-reduced in its preparation. On adding TiCl, and aging, the 
“trichloride” would be reoxidized to more nearly the ideal valence. ‘The 
formation of a TiCl,, where the average value of x is about 2.75, appears 
quite reasonable for the preparation procedure used here, in the light of 
results reported by Cooper and Rose.”® If the brown product were’ 
originally TiCls.75, it would be reoxidized to about TiCls.93 by the quantity 
of TiCl, which seems to have disappeared from solution. It is concluded 
that the rate of polymerization depends with unexpected precision on the 
square root of the TiCl, concentration in solution. 

The dependence of rate on the (7-Bu)AICl, concentration is actually 
fairly complex if the increase at low concentrations, shown in Figure 2 and 
the ultimate decrease which must occur at still lower concentrations are 
considered. If, however, only the two highest concentrations investigated 
with aged catalysts are included, it is found that the rate depends on the 
dichloride concentration to something between the '/, and the '/, power. 
It may be noted that data on wnaged catalysts shown in Figure 2 and 
Table V show no increase in rate at the higher (¢-Bu)AICl, concentrations. 
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The data used in Figure 2 are not strictly comparable due to differences in 
catalyst preparation procedures, but the data from Table V are. The 
latter indicate that at an (z-Bu)AICl. concentration of 2.5 millimoles/liter 
the rate did not depend on aging time, while at 10 millimoles/liter the rate 
nearly doubled on aging the catalyst mixture for an hour. 

Before attempting to interpret the observations described above, con- 
sideration of some recently reported results on a related catalyst system is 
helpful. Beermann and Bestian'? have presented evidence indicating that 
the interaction of an alkyl titanium trichloride with titanium trichloride 
gives an active ethylene polymerization catalyst. The polyethylene pro- 
duced has a reduced viscosity in the range 0.4—1.0, similar to that produced 
by the Ziegler-Martin catalyst. The latter catalyst always contains some 
+4 titanium. Isobutyl titanium trichloride should, then, be formed by 
the reaction 
(i-Bu)AICIl, + TiCl, === (7-Bu)TiCl, + AICI; (3) 
Note that the equilibrium constant for the reaction as written should be 
much less than unity. The equilibrium constant for the reaction of di- 
methyl aluminum chloride with titanium tetrachloride is about unity 
according to Groenewege,'* and the mono-alkyl aluminum compound 
should have a lower alkylation potential than the dialkyl aluminum com- 
pound. The fact that TiCl, is reduced only very slowly by RAICl is in 
itself an indication that the equilibrium in eq. (3) in fact lies far to the left. 
If this were not the case, there would be reason to expect that the solu- 
bility of AICI; in the heptane solvent might be exceeded. 

If the catalytically active species is RTiCl;, it must be that which is 
adsorbed on the TiC]; present. The TiCl; may be considered to serve the 
purpose of the electrophilic material proposed as necessary by Roha 
et al.’? This interpretation makes possible simple, though perhaps not 
unique, explanations of the rate data already reported and of the molecular 
weight data still to be discussed. 

If establishment of the equilibrium described by eq. (3) is a fairly slow 
process, the increase in initial rate of polymerization on aging the catalyst 
mixtures can be explained. The ligand exchange reaction may be catalyzed 
by the TiCl;, since poisoning the TiC]; with (7-Bu)AICl, increased the time 
required to reach the maximum initial rate of polymerization. 

Neither RTiCI; nor TiCl, associate strongly even as pure liquids. They 
would not be expected to associate as strongly with TiCl; as does RAICls. 
At low concentrations, then, the amount of RTiC); reversibly adsorbed on a 
TiCl; surface poisoned with (7-Bu)AICl, should be proportional to the 
RTiCl; concentration in solution.’ The equilibrium concentration of 
(t-Bu) TiCl; in solution should be 


[(¢-Bu)TiCl;] = (K,.[TiCl,] [(7-Bu) AICI] )'/2 (4) 


if no AICI; is added, since [AICI;] should then be equal to [(7-Bu)TiCls]. 
At constant [(7-Bu) AIC}. ], 





























[(i-Bu)TiCk} « {TiCl]'/2 (5) 
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This is the form of the relation found between [TiCl,] and the rate of poly- 
merization as shown in I’igure 4. 

The near proportionality of the rate to [(i-Bu)AICl.]'” is understandable 
on the same basis only if the poisoning effect of the (7-Bu)AICl, on the 
reaction is quite small. Normally the adsorption of a weakly adsorbed 
compound on a ‘nearly completely poisoned surface should be inversely 
proportional to the partial pressure or solution concentration of the 
poison.'® The (7-Bu),AlCl is known" to form a dimer in solution, but no 
direct information is available on the (7-Bu)AICl.. If it is present as a 
dimer in heptane solution and dissociates on the TiCl; surface, the free 
surface at high concentrations should be inversely proportional to [(7-Bu)- 
AICl]'“. This would exactly cancel the increase in rate due to the 
effect of the aluminum alkyl on the (7-Bu)TiCl; concentration. If the 
(t-Bu)AICl. were present in solution as trimers or tetramers, or if adsorp- 
tion of (t-Bu)AICl, on TiCl; were only slightly impeded by the last quan- 
tities of (t-Bu) AICI, adsorbed, the observed rates could be explained. 

Note that the presence of oligomers of (7-Bu)AICls in solution would not 
affect the equilibrium arguments used in calculating the (7-Bu)TiCl; con- 
centration if the AlCl; formed is also associated with (7-Bu)AICls in solution. 

Ethylene partial pressure effects were examined using both heptane and 
toluene as solvents. Data are presented in Table VI. The rates in both 
solvents are proportional to the ethylene pressure to within the accuracy of 
the data. It will be noted that the average polymer molecular weight is 


TABLE VI 


Effects of Ethylene Partial Pressure 


Physical properties 
of polymers 


Catalyst composition,* : 
NONI =: TEMES PIRNI 


millimoles/liter : % 
ee a 3 =PORUTS, g./hr./ Melt index, Molecular 
TiC; TiCl, RAICL atm. g. TiC; dg./min. weight? 





A. Toluene Solvent 


8.0 1.30 2.50 1.0 89 2.86 51,000 
8.0 1.30 2.50 0.12 4 21.0 32,000 
8.0 1.30 2.50 0.39 38 6.8 42 ,000 
8.0 1.30 2.50 0.20 12 6.4 42 ,000 
B. Heptane Solvent 
8.0 10.0 2.50 1.0 151 1.50 60 , 000 
8.0 10.0 2.50 0.29 51 1.92 56,000 
8.0 10.0 2.50 0.10 11 6.24 42 ,000 
8.0 2.5 2.50 1.00 101 0.58 76 ,000 
8.0 2.5 2.50 0.20 23 1.46 61,000 
8.0 10.0 5.00 1.00 154 1.66 59 ,000 
8.0 10.0 5.00 0.29 43 2.78 52,000 
8.0 10.0 2.50 0.11 12 6.80 42 ,000 





® Polymerizations run at 60°C. in 500 ml. of solvent. Catalyst components not aged 
after mixing. 
b From melt index. 
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Fig. 5. Effect of ethylene pressure on polyethylene molecular weight. 


less when toluene is used as solvent than when heptane is used. The 
difference would be even greater if the same TiCl, concentrations had been 
used in the two solvents. Ethylene pressure, though, had very little 
effect in either case. This indicates that chain transfer to monomer is an 
important chain terminating process, as reported by Beermann and 
Bestian!? for their aluminum-free ethylene polymerization catalyst and by 
Natta et al.!?7 for propylene polymerization by the purple TiCl;-Et;Al 
catalyst system. Natta and co-workers" give a relationship by means of 
which the relative importance of chain transfer to monomer and other 
chain termination processes is readily calculated from the tabulated data. 


1/D.P. = kei/kyp + Zeki[Xi]* kypCoH, (6) 
Here D.P. = the average degree of polymerization, k, = rate constant for 


TABLE VII 
Ratios of Rate Constants 











TiCl, 
concentration, 
Solvent millimoles/liter kp/Ket ker/Daka(Xi]* 
Toluene 1.3 4700* 11.19 
Heptane 10.0 7600 13.8 
Heptane 2.5 6000 15.3 








* Data relatively poor. kp/k,: defined to about +300, other ratio to about +3. 
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TABLE VIII 


Effects of Solvents on Ethyi:ene Polymerization* by the Ziegler-Martin Catalyst 


Rate of 





polymerization, Polymer 

Solvent g. C.H,/hr./g. TiCl; molecular weight 
n-Heptane 111 175,000 
Decalin 242 162,000 
Toluene 314 44 ,000 
Chlorobenzene 360 46 ,000 








® Polymerizations run at 65°C. and 1 atm. with 1.0 mmole TiCl;, 2.5 mmoles TiCh, 
and 2.5 mmoles (i-Bu) AIC}: in 500 ml. of solvent. 


the polymerization, k,, = rate constant for the chain transfer process, and 
k,, = rate constant for termination by reaction with X;. 

The way in which the data fit the relationship given is shown in Figure 5. 
In Table VII are given values of the ratios of the rate constants appearing 
in eq. (6), calculated from the data in Table VI. No significant change 
in the ratio of the rate of chain transfer to the rate of other termination 
steps was found on changing from heptane to toluene as solvent. At one 
atmosphere pressure only one chain in 10 or 15 was terminated by a re- 
action other than chain transfer to monomer, whichever solvent was used. 
Since chain transfer terminates most of the chains in both heptane and 
toluene, an explanation other than direct participation of toluene in the 
chain termination reaction must be sought to explain the several-fold de- 
crease in molecular weight on changing from heptane to toluene as solvent 
at constant TiCl, concentration (see Table VIII for results obtained in the 
two solvents at equivalent catalyst concentrations). This is somewhat 
unexpected since disubstituted benzene rings can be detected in the polymer 
prepared in toluene. 

Reaction of the adsorbed active center with either TiCl, or (7-Bu)AICl. 
may terminate some 10% of the polymerization chains. Inspection of the 
data in Table VI will show that the polymer molecular weight decreases 
with increasing TiCl, concentration as is to be expected if the TiCl, can 
terminate chains. The change in molecular weight shown is fairly large, 
though, to be attributed to a few per cent of the growing chains. The re- 
sult of completely eliminating TiCl, should resemble that found using the 
Natta catalyst, where a polymer molecular weight of several million is to be 
expected, as shown in Table III. Furthermore the data in Table VII 
indicate that it is the ratio, k,/k.. which changes on changing the TiCl, 
concentration, rather than k,,/k;, as should have been the case if termi- 
nation occurred by direct reaction of the active center with TiCl. Evi- 
dently the observed effect of TiCl; on the polymer molecular weight 
cannot be attributed to direct participation of TiCl, in the polymerization 
mechanism. 

Changes in (7-Bu)AICl, concentration appear to have less effect on 
molecular weight than do comparable changes in TiCl, concentration. 
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At high concentrations there is no appreciable effect of changing (7-Bu)- 
AICI, concentration. The early experiments with unaged catalyst gave the 
results shown in Figure 3. The decrease in molecular weight at low con- 
centrations appears to coincide with a decrease in the surface concen- 
tration of RAICI., suggesting that there is a bimolecular reaction occurring 
between adsorbed molecules of RTiCl; and R’AICl,. Again, the effect of 
this termination process on the polymer molecular weight must be small. 

An explanation closely related to that used previously to explain the 
rate data can be advanced to account for the observed effects of changes in 
solvents on the polymer molecular weight. The same postulate proves 
useful in understanding other characteristics of this and related catalyst 
systems. It is proposed that, while polymerization occurs principally by 
addition of monomer units to an adsorbed metal alkyl, the predominant 
chain termination process, chain transfer to monomer, occurs principally in 
solution. It was shown earlier that the rate data could be interpreted in 
terms of an active site consisting of a reversibly adsorbed RTiCl; molecule. 
In order to account for the lack of dependence of molecular weight on 
ethylene partial pressure, the adsorption-desorption process must occur 
much more frequently than chain termination. Otherwise the rate of 
chain termination and hence the molecular weight would depend on the 
rate of the desorption process and not on the ethylene partial pressure. 

If chain termination occurs in solution while chain growth occurs on the 
catalyst surface, anything which tends to increase the fraction of the time 
spent by the metal alky] in solution would lead to the production of a lower 
molecular weight polymer. This evidently can account for the fact that 
polymers produced in toluene are lower in molecular weight than those 
produced in heptane. The toluene is the better solvent. In support of 
the idea that solvent power is the factor determining molecular weight, 
polymerizations run in chlorobenzene as a solvent gave polymers com- 
parable in molecular weight to those found with toluene while polymers 
produced in decalin had molecular weights very close to those produced in 


heptane. 
The changes in polymerization rate with solvent shown in Table VIII 


can be explained at least in part as due to changes in the fraction of the 
TiCl; surface covered by (7-Bu)AICl.. The more basic aromatic solvents 
lower the surface concentration of this poison and thus increase the surface 
area available for polymerization. One factor reducing the rate obtained 
using heptane was its vapor pressure, which at 65°C. is about a third of an 
atmosphere. The effective partial pressure of ethylene in the reaction 
system is, of course, reduced by this amount when the total pressure is one 
atmosphere. 

Insight into the reasons for the observed influence of catalyst com- 
ponent concentrations on polymer molecular weight is also provided by the 
picture of the polymerization given above. By analogy with other mole- 


cules, TiCl, and RAICl: in particular, it seems reasonable to suppose that an 
RTiCl; molecule should be relatively weakly adsorbed on titanium tri- 








ZIEGLER-MARTIN CATALYST 299 


chloride. Compounds such as RTiCl, and RTiCl should be much more 
tightly bound. If no Ti*? is present in the solid phase, and particularly if 
there is an appreciable amount of Tit‘ adsorbed on the surface, an RTiCl; 
molecule should have a good opportunity to desorb intact. If, on the 
other hand, there is no significant amount of Tit‘ present in or on the solid, 
and some Tit? is present, then when RTiCl; is adsorbed it should in effect 
be reduced to RTiCl, and some of the Ti*® present oxidized to Ti+’. 
Since RTiCl, should be bound more tightly than RTiCl; to the TiCl; 
surface, the chance of desorbing the alkyl group at which polymerization is 
occurring should decrease and the polymer molecular weight increase. 
This is equivalent to saying that the polymer molecular weight should 
increase as the average valence of the titanium in the solid halide present is 
decreased. 

Several other observations can be understood in terms of the argument 
given concerning the effect of valence state of the solid phase on the 
polymer molecular weight. One example is the effect of aging the Ziegler- 
Martin catalyst described above. As the catalyst mixture is aged the 
average polymer molecular weight decreases. The rate data, in particular 
those showing the effect of varying TiCl, concentration, suggest that the 
brown “‘TiCl,;” as prepared has an average titanium valence less than three. 
Aging the solid chloride in the presence of TiCl, appears to increase the 
average valence, and the resulting decrease in polymer molecular weight is 
then to be expected. 

The very high molecular weight polyethylene obtained with the TiCl;— 
R;Al catalyst system is also to be expected from the above argument. In 
that case the titanium is reduced, probably nearly to the +2 state, and the 
active alkyl group is very unlikely to leave the catalyst surface. Hence 
polymerization to very high molecular weights occurs. 

Another series of results difficult to explain except in terms of change of 
valence was obtained when using purple TiCl; for ethylene polymerization, 
both in the Ziegler-Martin catalyst recipe and in the catalyst studied by 
Natta and coworkers. When purple TiCl; was used in the Ziegler-Martin 
catalyst with n-heptane as the solvent, and the catalyst was not aged, the 
polymer molecular weight was over a million. When toluene was used 
as a solvent, though, again without aging the catalyst mixture, the polymer 
produced had a molecular weight below 40,000. This great change in 
molecular weight is attributed to oxidation of the solid “trichloride” by the 
TiCl,. The oxidation process is faster in toluene than in heptane because 
in toluene the surface is much less completely covered by trivalent alumi- 
num in the form of RAICl,. When the aluminum halide is strongly ad- 
sorbed it effectively prevents the oxidation by TiCl, or RTiCl;, which must 
be a surface reaction. 

A broad molecular weight distribution is characteristic of most polymers 
prepared with Ziegler catalysts. This breadth of distribution may also be 
a result of the fact that the oxidation-reduction process is slow relative to 
the average life of a growing polymer chain. Since the rate of change of 
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valence is low, an alkyl group initially attached to a tetravalent titanium 
would normally polymerize to completion before the titanium could be 
reduced. Reduction should occur occasionally, though, due to a change in 
the coordination of the titanium compound adsorbed on the crystal lattice. 
The reduced alkyl titanium chloride should be much less likely to leave the 
surface, so the polymer chain could grow considerably longer before ter- 
mination occurred, perhaps after reoxidation. The result could be a 
molecular weight distribution exhibiting a peak at the low molecular 
weight end, and with a tail on the high molecular weight side which would 
fall off slowly, approaching as a limit the polymer molecular weight ob- 
tained with a TiCl;-R;Al catalyst. This is essentially the form of the 
molecular weight distribution reported by Wesslau.*® 

The hypothesis that the equilibrium 


R ‘(TiCls) *so1ia — RTiCl; (solution ) 


is established, and that each alkyl undergoes many desorptions and adsorp- 
tions has implications with respect to the stereospecific polymerization of 
higher alpha-olefins as well as to the molecular weight of polyethylene. If 
isotactic polyolefins are to be made, the polymerization sites must possess 
some asymmetry. While sites capable of providing either orientation of 
the entering monomer unit must exist, at any individual site the orientation 
of the entering monomer unit must be restricted by the geometry of the 
site. If the polymerization involves the addition of an olefin to an RTiCl, 
grouping, one would expect a particular orientation only so long as this 
grouping remained fixed with respect to its immediate surroundings. If 
RTiCl; can be desorbed and then readsorbed, or migrate on the surface, 
there is no reason to expect it to retain any fixed steric relationship to its 
surroundings. Every time it moved the geometry of the polymerization 
site and hence the orientation of the entering monomer might change. If 
several monomer units are added each time the compound is adsorbed, the 
polymer should consist of blocks of isotactic sections. The length of these 
blocks should depend on the ratio of the rate of monomer addition to the 
rate of migration of the polymerization site. Work on the characteristics 
of partially isotactic polypropylenes’® indicates that they do behave in 
many respects as a block polymer of the type indicated. 

If the chain termination step in ethylene and propylene polymerization 
occurs in solution, and isotactic polymerization on the surface, then accord- 
ing to the argument given, there should be a correlation between crystallin- 
ity of polypropylene and the molecular weight of either polyethylene or 
polypropylene produced by the same catalyst system. The most com- 
pletely isotactic polypropylenes should be highest in molecular weight 
since the same process which destroys isotacticity provides an opportunity 
for chain termination. There are indications in the literature that this is 
the case. For example, Bua and Luciani” state that the degree of crystal- 
linity of polypropylene tends to vary directly with the average degree of 
polymerization over a range of catalyst component concentrations and 
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temperatures. Natta’ also refers to “a single factor regulating both 
molecular weight and stereospecificity, most probably dissociability of a 
chemisorbed complex.” 

In summary, then, the data from the investigation of ethylene poly- 
merization kinetics described above, in conjunction with other information 
on ethylene and higher olefin polymerizations, suggests that the following 
steps are important when alpha-olefins are polymerized by the Ziegler 
catalyst system variants based on titanium tetrachloride. 


Catalyst Formation 
TiCl, + RAICI], = RTiCl; + AICI; (7) 
Equilibrium here appears to be far to the left. 
RTiCl; + (TiCl.)soria = R~(TiClz) *so1ia (8) 
If the alkyl group in free RTiCl; is somewhat anionic it should become 
more negative when given the entire reservior of electrons in the crys- 
tallite to draw on. 


Polymerization 
R~(TiCl,) totic + CoH; — RCH2CH ~( TiCl,)*so1ia (9) 
RAICl, is adsorbed from heptane on TiCl, in preference to RTiCl;, so in 
the Ziegler-Martin catalyst, where the RAICl. concentration is high, the 
surface available for polymerization by adsorbed RTiCl; may be seriously 
reduced. 


Termination 
RCH.CH.~‘TiCl,)*so1ia 2 RCH2CH:TiCl,(sclution) + TiCl, (10) 
RCH.CH.2TiCl, + C:H, > RCH+=CH, + C.H;TiCl; (11) 


The adsorption-desorption process indicated by eq. (10) appears to occur 
several times for every chain termination by chain transfer as in eq. (11). 
RCH:CH:2~(TiCl,) *so1ia + R’AICl2 (adsorbed) — 

R’~(TiCl,)*so1ia + RCH2:CH2AICl (12) 


RCH.CH2AICI, + C.H,; ~ RCH=CH, + C2H;AICl. (13) 


Termination by the exchange betiveen the titanium and the aluminum 
alkyl is much less frequent than termination by direct exchange between the 
titanium alkyl and ethylene, at least at 60-70°C. and with ethylene pres- 
sures of 1 atm. or above. 
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Synopsis 






The results of a study of the kineties of ethylene polymerization by the three-com- 
ponent Ziegler-Martin catalyst, brown TiCl;-TiCl-RAICl:, are reported. A limited 
amount of related data on ethylene and propylene polymerization with two-component 
catalyst systems based on brown TiC}; and aluminum alkyls is also included. The rate 
of ethylene polymerization by the Ziegler-Martin catalyst is shown to be proportional 
to the quantity of TiCl; present, and to increase at low (i-Bu)AICl. concentrations. 
When the catalyst mixture is aged an hour at 60°C. before introducing ethylene, the 
rate of polymerization is also found to be proportional to the square root of the concen- 
tration of TiC], in solution, and to something less than the square root of the (7-Bu) AICI. 
concentration when this is above 2.5 mmoles/liter. The molecular weight of the poly- 
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ethylene produced is nearly independent of the ethylene partial pressure, but decreases 
markedly with increasing TiCl, concentration and on changing from heptane to aromatic 
solvents. The results can be interpreted as suggesting that the principal catalytically 
active species is an alkyl titanium chloride reversibly adsorbed on the TiCl;. This 
alkyl titanium compound is generated by the reaction 


RAICl, + TiCl — RTiCl; + AICI; 


The equilibrium constant for the reaction as written must be considerably less than unity. 
The titanium alkyl seems to be adsorbed on the TiCl; less strongly than RAICI, which 
acts as a catalyst poison. Chain termination appears to occur principally by chain 
transfer to monomer and to occur in solution rather than when the site is attached to the 
solid surface. The site must experience several adsorptions and desorptions during the 
life of a growing chain. In addition to accounting for the rate and molecular weight 
data reported, the mechanism outlined suggests explanations for the effect of changes in 
average titanium valence on polyethylene molecular weight, for the broad molecular 
weight distribution characteristic of Ziegler polyethylene and for the appearance of 
stereoblock polypropylenes and the correlation of stereospecificity with mclecular weight 
in propylene polymerizations with related catalysts. 


Résumé 


On rapporte les résultats d’une étude cinétique de polymérisation de |’éthyléne par un 
catalyseur 4 trois constituantes Ziegler-Martin, TiCl;-TiCl,-RAICh. On rapporte 
également un certain nombre de données relatives 4 la polymérisation de ’éthyléne et 
du propyléne par les systémes catalyseurs 4 deux constituants basés sur TiCl; brun et 
des alecoyl-aluminium. La vitesse de polymérisation de |’éthyléne par le catalyseur 
Ziegler-Martin est proportionnelle 4 la quantité de TiCl; présent et augmente 4 faibles 
concentrations de (7-Bu)AICl.. Le mélange catalyseur agé d’une heure 4 60°C avant 
lintroduction d’éthyléne donne une vitesse de polymérisation proportionnelle 4 la 
racine carrée de la concentration de TiCl, en solution et un peu inférieure 4 la racine 
carrée de la concentration en (i-Bu)AICl. quand celle-ci est supérieure 4 2.5 millimoles/ 
litre. Le poids moléculaire du polyéthyléne produit est presqu indépendant de la pres- 
sion partielle d’éthyléne mais diminue franchement par augmentation de la concentra- 
tion en TiCl, et en remplacant l’heptane par des solvants aromatiques. Les résultats 
indiquent que la principale espéce catalytique active est un chlorure d’alcoyl-titane 
adsorbé de fagon réversible sur TiCl;. Ce composé alcoyl-titane est produit par la 
réaction 


RAICL + TiClh = RTiCl; + AICI; 


La constante d’équilibre pour la réaction indiquée doit étre considérablement inférieure 
a lunité. L’aleoyl-titane semble adsorbé sur TiCl; moins fortement que RAICl, qui 
agit comme poison du catalyseur. La terminaison de chaine se fait principalement par 
transfert de chaine sur monomére et en solution plutét qu’en un site fixé 4 la surface 
solide. Ce site subit plusieurs absorptions et désorptions durant la vie d’une chaine en 
croissance. En plus de l’interprétation des données de vitesses et de poids moléculaires, 
le mécanisme souligné suggére des explications quant 4 l’effet des changements de valence 
moyenne du titane sur le poids moléculaire du polyéthyléne, pour la large distribution de 
poids moléculaire caractéristique du polyéthyléne Ziegler, et pour l’aspect des poly- 
propylénes stéréoblocs et la corrélation de la stéréospécificité avec le poids moléculaire 
dans les polymérisations du propyléne au moyen des catalyseurs précités. 


Zusammenfassung 


Die Ergebnisse einer Untersuchung der Kinetik der Athylenpolymerisation mit dem 
Drei-Komponenten-Katalysator nach Ziegler-Martin, braunes TiCl;-TiCl,-RAICh, 
einschliesslich einer begrenzten Zahl von verwandten Daten iiber die Athylen- und 
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Propylenpolymerisation mit Zwei-Komponenten-Katalysatorsystemen auf Grundlage 
von braunem TiCl; und Aluminiumalkylen werden mitgeteilt. Die Geschwindigkeit 
der Athylenpolymerisation mit dem Ziegler-Martin-Katalysator ist der Menge des 
anwesenden TiC]; proportional und steigt bei niedrigen (7-Bu)AICl.-Konzentrationen 
an. Nach Alterung der Katalysatormischung durch eine Stunde bei 60°C vor der 
Einleitung von Athylen ist die Geschwindigkeit der Polymerisation auch der Wurzel 
aus der TiCl,-Konzentration in der Lésung und falls die (7-Bu)AICl.-Konzentration 
oberhalb 2,5 Millimol/lit liegt etner etwas kleineren Potenz als der Wurzel aus dieser 


Konzentration proportional. Das Molekulargewicht des gebildeten Polyiithylens ist 


vom Partialdruck des Athylenes nahezu unabhiingig, nimmt aber mit steigender TiCl,- 
Konzentration und beim Ubergang von Heptan zu aromatischen Lésungsmitteln merk- 
lich ab. Die Ergebnisse sind unter der Annahme verstindlich, dass die hauptsiichliche, 
katalytisch wirksame Spezies ein an TiCl; reversibel adsorbiertes Alkyltitanchlorid ist. 


Diese Alkyltitanverbindung wird durch die Reaktion 
RAIC) + TiC, <= RTiCl; + AICI; 


gebildet. Die Gleichgewichtskonstante fiir diese Reaktion muss betriichtlich kleiner als 
eins sein. Das Titanalkyl scheint an TiCl; weniger fest als das als Katalysatorgift 
wirkende RAICl, adsorbiert zu werden. Kettenstabilisierung scheint hauptsiichlich als 
Ketteniibertragung zum Monomeren und mehr in Lésung als an dem an die feste Ober- 
fliche gebundenen Reaktionsort zu verlaufen. Der Reaktionsort muss wiihrend der 
Lebensdauer einer wachsenden Kette mehrere Adsorptionen und Desorptionen durch- 
laufen. Der angegebene Mechanismus liefert neben der Erklirung der mitgeteilten 
Geschwindigkeits- und Molekulargewichtsdaten auch eine solche fiir den Einfluss der 
Veriinderung der mittleren Titanwertigkeit auf das Molekulargewicht des Polyithylens, 
fiir die charakteristische breite Molekulargewichtsverteilung von Ziegler-Polyiithylen 
und fiir das Auftreten von Stereoblock-Polypropylenen sowie fiir die Korrelation zwis- 
chen Stereospezifitit und Molekulargewicht bei der Propylenpolymerisation mit ver- 


wandten Katalysatoren. 
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Surface Area of Brown Titanium Trichloride 


T. P. WILSON and E. 8. HAMMACK, Research and Development 
Department, Union Carbide Olefins Company, A Division of Union Carbide 
Corporation, South Charleston, West Virginia 


The polymerization of olefins over titanium trichloride catalysts activated 
with aluminum alkyls is believed to occur at the surface of the trichloride. ! 
The rate of polymerization would then be expected to be proportional 
to the active surface present. Determinations of the total surface areas of 
active catalysts have not been reported, although they could help in under- 
standing the high activity of these catalyst systems and make possible 
quantitative comparisons of the efficiencies of various catalyst surfaces. 
Results of an effort to determine the surface area of a brown TiCl; used in 
one kinetic study of ethylene polymerization” are reported here. 

The TiCl; was prepared in heptane solution by reduction of TiCl, with 
(t-Bu)2AICl, (according to procedure I in reference 1b). In order to minimize 
the chance of contamination on handling, and to avoid the possible ir- 
reversible coalescence of the particles when the solvent was removed, a dye 
adsorption technique was used in estimating the area. Such methods have 
been shown to give satisfactory results, at least semi-quantitatively, on 
nonporous particles.” 

9,10-Anthraquinone proved to have the desired low heptane solubility 
combined with reasonably strong adsorption on TiCl;. Its concentration 
in heptane solution could be determined accurately and rapidly by ultra- 
violet absorption measurements at 249 my. Defining the adsorption 
isotherm for anthraquinone was accomplished by reasonably standard 
techniques. A suspension of TiCl; in heptane was added to a nitrogen- 
filled flask equipped with a stirrer and a dip leg, on the inside end of which 
was a fritted glass filter. The adsorption experiments were run at room 
temperature, about 30°C. A weighed amount of anthraquinone was added 
and the flask stirred for half an hour or more after each addition. An 
aliquot of the clear solution was then removed through the filter and ana- 
lyzed for anthraquinone. The adsorption isotherm was calculated from a 
series of anthraquinone additions and concentration determinations. 

Although there was no visible change in the appearance of the brown 
TiCl;, either with regard to color or to state of dispersion, as anthraquinone 
was adsorbed, an experiment was run in which the anthraquinone was 
recovered to be sure that the ‘‘adsorbate’”’ was disappearing due to adsorp- 
tion rather than chemical reaction. The quinone was first allowed to ad- 
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9,10-ANTHRAQUINONE ADSORBED 
Gm./Gm. TiCl3 


0.4 0.5 0.6 
C/Co 


Fig. 1. Adsorption of 9,10-anthraquinone on brown titanium trichloride. 


sorb on the TiCl;. The TiCl; was then hydrolyzed with water and the 
solid residue exhaustively extracted with heptane. More than 95% of the 
anthraquinone added could be recovered unchanged by this procedure. 

The principal uncertainty in the determination of the surface area by the 
procedure described is in the choice of an effective area per molecule of 
adsorbed anthraquinone. Calculations based on tabulated atomic radii 
give areas for anthraquinone of 95 A.? if it is flat on the surface and 30 A.? 
if it is attached edgewise by a carbonyl group. Adsorption of anthra- 
quinone on kaolin gave surface areas of 6 or 2 m.?/g. depending on the area 
assumed per anthraquinone molecule. Both values lie within the range 
2 to 10 m.?/g. reported in the literature.* 

The experimental results of the measurements of adsorption of anthra- 
quinone on brown TiC]; are shown in Figure 1. The weights of anthra- 
quinone adsorbed are plotted against C/Cy. Here C is the concentration 
of anthraquinone remaining in solution after the addition of an increment 
while Cp represents the concentration of a saturated solution of anthra- 
quinone in n-heptane at the temperature of the experiment. The shape 
resembles more closely the Langmuir than the sigmoid BET isotherm. 
Whichever isotherm describes the data, though, an adsorbed monolayer of 
anthraquinone should be between 0.56 and 0.61 g. per gram of brown 
titanium trichloride. 

The TiCl; surface areas corresponding to the measured adsorption are 
1600 and 500 m.?/g., depending on what area is used per molecule of anthra- 


quinone. The larger area corresponds to spherical particles only 12 A. 
in diameter. Anthraquinone molecules might have difficulty finding sur- 
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faces to lie flat on if the particles were actually this small. The smaller 
of the two areas, 500 A.?/g. of TiCl;, therefore seems more likely. Even 
that area represents particles which would not be resolvable in the electron 
microscope. An area of about 500 m.?/g. for this material was also esti- 
mated from isobuty] aluminum dichloride adsorption,’ assuming that com- 
pound to be adsorbed strongly enough to poison the TiC]; surface 

The assumptions made in calculating the surface area from the adsorption 
data may be in considerable error quantitatively. It is difficult to escape 
the conclusion, though, that brown TiC], prepared by the method described 
has an extremely high surface area. 
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Synopsis 


The surface area of a brown titanium trichloride, prepared by the reduction of titanium 
tetrachloride with diisobutyl aluminum chloride, was estimated from measurements of 
anthraquinone adsorption from heptane solution. The surface area was calculated to be 
500 to 1600 m.?/g., depending on the assumption made as to the effective area per mole- 
cule of the anthraquinone. 


Zusammenfassung 


Die Grésse der Oberfliiche eines durch Reduktion von Titantetrachlorid mit Diiso- 
butylaluminiumehlorid dargestellten, braunen Titantrichlorids wurde durch Messung 
der Adsorption von Anthrachinon aus Heptanlésung bestimmt. Die Grésse der Ober- 
fliche wurde, je nach dem angenommenen effektiven Fliichenbedarf einer Anthrachinon- 
molekel, zu 500 bis 1600 m? pro Gramm berechnet. 
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Mechanisms of Homogeneous Anionic Polymerization 


by Alkyllithium Initiators 


MAURICE MORTON, L. J. FETTERS, and E. FE. BOSTICK,* Jnstitute 
of Rubber Research, University of Akron, Akron, Ohio 


INTRODUCTION 


A recent series of publications'~‘ contains a detailed description of the 
experimental techniques and results obtained in the course of the intensive 
investigations which have been carried out in these laboratories during the 
past few years on the polymerization of styrene, butadiene, and isoprene 
by alkyllithium initiators in homogeneous solution. These investigations 
have been concerned primarily with the stoichiometry as well as general 
kinetics of these systems, with special reference to the effect of different 
solvents. It is the intention, in this paper, to review briefly the findings 
published previously, as well as to present entirely new data which, it is 
hoped, will permit the development of a much clearer picture of the mech- 
anism of these polymerizations. 

The main objective of all this work has been, of course, the elucidation 
of the actual chemical species participating in these reactions, and particu- 
larly the chain growth reaction, which leads to the formation of the macro- 
molecule itself. Despite the fact that these reactions occur in a homo- 
geneous medium, little or nothing is known about the actual nature of the 
organolithium species which is responsible for the polymerization process. 
Unlike the free radical systems, where the growing chain has been un- 
equivocally identified as a free radical, the character of these “anionic’’ 
species has not yet been elucidated. Hence it is impossible, at the present 
stage, to assign absolute values to the kinetic constants for these reactions, 
unless much more is known about the reacting molecules. It is hoped that 
the experimental data reported here will permit at least some: tentative 
conclusions about the actual mechanisms of these polymerizations, and 
make it possible to assign some reasonable values to the kinetic constants. 


STOICHIOMETRY AND GENERAL KINETICS 


It has already been shown?* that these polymerizations initiated by 
lithium alkyls exhibit a simple stoichiometry, whereby each initiator mole- 
cule generates a single polymer chain. Furthermore, in the absence of 

* Present address: Research Laboratory, General Electrie Company, Schenectady, 
N. X. 
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impurities (or acidic solvents) there is no termination or transfer reaction, 
so that each polymer chain continues to grow as long as any monomer is 
present. Under these conditions, and if all the chains are initiated over a 
relatively short period of time compared to the period of growth, it should 
be possible to obtain a very narrow molecular weight distribution. This 
has actually proven to be the case.’ 

In Table I are shown some typical data, especially intended to illustrate 
the stoichiometry and effect of initiation rate on molecular weight distri- 
bution. The “kinetic”? molecular weights represent the calculated values 


based on the predicted stoichiometry of one polymer chain per initiator | 
molecule, while the viscometric values were obtained from the actual : 
intrinsic viscosities, using the appropriate equation.?* The terms “direct” ' 


and “seeded”’ refer to the method used in initiating the polymerization. 
In the former, all of the ingredients, i.e., solvent, monomer, and initiator, 
were mixed directly, while in the latter the solvent and initiator were 
mixed with only a very small proportion of the monomer, and polymeri- 
zation allowed to proceed until all of the monomer was consumed, after 
which the remainder of the monomer was added. In this way, the butyl- 
seed”’ of low molecular weight 









“ 


lithium was first converted to a polymer 
(~5000), so that the subsequent polymerization involved only the propa- 







gation reaction, without any further initiation. 











TABLE I 
Molecular Weights of Butyllithium-Initiated Polymers 





Molecular weights 
7, (X 107%) 


Monomer Solvent PZN. Method Temp., Kinetic Viscometric 
























Isoprene Hexane Direct 50 60.0 79.0 
Isoprene Hexane Direct 29 79.7 123.0 
Isoprene Hexane Direct 29 151.0 353 .0 
Isoprene Hexane Seeded 29 58.0 63.3 
Isoprene Hexane Seeded 29 53.8 61.2 
Styrene Benzene Seeded 0 64.9 69.8 
Styrene Benzene Seeded 0 142.5 147.7 
Styrene THF Direct -80 52.§ 54.8 
Styrene THF Direct 80 Li7.3 117.8 














The effect of a slow initiation step is clearly evident in the ‘‘direct”’ poly- 


merization of isoprene in hexane solvent, both at 50 and 29°C., but espe- 






cially in the latter case,where the initiation reaction would be expected to be 
seeded” method appar- 





‘ec 





even slower. On the other hand, the use of the 
ently eliminates the large disparity between the predicted and viscometric 





molecular weights. The same is true for styrene polymerization in benzene, 
which is known? to show a relatively slow initiation by butyllithium. How- 
ever, it sheuld be noted that the polymerization of styrene in tetrahydro- 








furan shows no signs of a slow initiation step, even at —80°C., as indicated 






by the agreement obtained in molecular weight. 
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BUTADIENE - THF 
BUTADIENE - HEXANE 
ISOPRENE ~-HEXANE 
ISOPRENE ~- THF 
STYRENE ~- BENZENE 


30°C 


% CONVERSION 


ISOPRENE - BUTADIENE 
[C,HgLi] = 3.5 x10°ML"' 


STYRENE ie 
[CoHgLi], = 4.55 x 10 ML™ 





20 40 60 80 
TIME (MIN) 


Fig. 1. Rate curves for anionic polymerization. 


A comparison of the relative rates of initiation and propagation is 
perhaps best illustrated in the rate curves shown in Figure 1. It can be 
seen that both styrene and isoprene exhibit S-shaped rate curves in hydro- 
carbon solvents, indicating the continued initiation of new polymer chains 
(increasing polymerization rate) over a considerable portion of the reaction 
time. On the other hand, in the solvent tetrahydrofuran, there is no sign 
of continued initiation, the process apparently being rapid enough to be 
virtually complete before any noticeable polymerization occurs. Of 
special interest is the fact that, for butadiene, the initiation rate is ap- 
parently very fast not only in tetrahydrofuran but in hexane as well, 
unlike the other monomers. Another important point is the fact that, in 
all cases, the polymerization rates are much faster in THI than in hydro- 
carbon solvents. 

Since the main interest in these kinetic studies concerned the propa- 
gation reaction, it was thought best to avoid any interference caused by the 
presence of initiation. This was done, as described above, by using the 
“seeded”’ polymerization technique where necessary, i.e., in styrene and 
isoprene polymerization in hydrocarbon solvents. Hence all rate data 
shown will represent the kinetics of the propagation reaction itself. 

Figure 2 shows various polymerization rates,‘ plotted as first-order dis- 
appearance rates of monomer, by means of dilatometric measurements. 
It can be seen that all the systems show good adherence to first-order 
kinetics, which is to be expected in these systems, where the number of 
growing chains remains constant and only the monomer disappears. 
Here, too, the effect of THF in accelerating the propagation rate is very 
evident. It should be mentioned that no rate curve is shown for styrene in 
THF, since it is much too rapid to measure by ordinary means. 
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Fig. 2. First-order rate plots. AH,, = maximum change in dilatometer reading, AH, 


= change in dilatometer reading at time ¢. 





—-- 





[RLi] x 10° 
© 3.60 (HEXANE) 
50°C @ 057 (THF) 


[mM] ,=325 
















fee j. —_r 
120 150 180 210 
TIME (MIN.) 


Bi 
30 

















> 


Fig. 3. Effect of temperature on butadiene polymerization rates. 
kg.cal.mole~, AE,(THF) = 5.9 kg.cal.mole~. 


AE, (hexane) = 21.3 






Using such first-order rate curves as shown in Figure 2, it is possible to 
obtain values for the activation energy of the propagation step, and results 
of this type are shown for butadiene in Figure 3. The striking effect of the 
solvent on the activation energy for this reaction is at once evident. 







Since a value of about 6 or 7 kg. cal. is to be expected for this type of 






attack on a carbon-carbon double bond, it is the inordinately high value 





obtained in hexane that is unusual. Furthermore, values very similar to 






the above have been obtained in these two solvents for isoprene,‘ while 






styrene in benzene also shows a high value of about 15 kg. cal.** 





Much more light is thrown on the nature of these reactions, and especially 







on the unexpected effect of the solvent, by examining the dependence of the 





propagation rate on the concentration of growing chains. Figure 4 shows a 





HOMOGENEOUS ANIONIC POLYMERIZATION 315 


series of plots of the first-order monomer disappearance rate constant 
against the total concentration of growing chains (i.e., lithium concen- 
tration). It can be seen that, in THI’, the expected direct proportionality 
is obtained between polymerization rate and total concentration of poly- 
mer chains, showing all of the latter to be effective. However, in the 
hydrocarbon solvents, benzene and hexane, the rate is proportional to the 
square root of the total chain concentration, indicating a different situ- 
ation. The same behavior has also been reported elsewhere® for styrene 
polymerization in benzene, initiated by butyllithium. 












ISOPRENE - THF 
ISOPRENE - HEXANE 
STYRENE - BENZENE 
BUTADIENE - HEXANE 
BUTADIENE - THF 
30°C 


60 


cosebpoe 


40 





20 


k MIN7' x10 





16 20 


[Rui] x10 mM’? LY? (HEXANE) 


Fig. 4. Rate dependence on initiator concentration. 


This half-order dependence of propagation rate on total lithium species 
is most easily explained by proposing an association equilibrium between 
active and inactive forms of the growing chains. Since it is not too likely 
that the carbon lithium bond can undergo a true dissociation into free ions 
in the solvents used, it is better to consider these bonds as consisting of ion- 
pairs. Thus a single growing chain would have at its end one such ion-pair. 
However, two ion-pairs could be considered as forming an associated 
complex, in equilibrium with free single chains, leading to the following 
mechanism for the propagation reaction. 


(RMjLi): &? 2RM,Li (1) 
RM,Li + M *” RM; , iLi (2) 


where RM;Li represents a single growing chain, M represents a monomer 
unit, and K,; and k, are the applicable equilibrium and rate constants. 
The above scheme would lead to a square root dependency of propagation 
rate on total lithium concentration, provided the value of the equilibrium 
constant K, is very low. 
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ASSOCIATION PHENOMENA 


It is obvious from the foregoing discussion that although it should be 
possible to derive absolute values of the propagation rate constant in 
tetrahydrofuran systems, where all the polymer chains may be assumed to 
be active, this is not possible in the hydrocarbon systems, unless the value 
of K, is known for each system. Fortunately, it has been found possible 
to actually study the association phenomena which occur in the hydro- 
carbon solvents, because of the marked effect which such an association of 
polymeric species has on the viscosity of the medium. This is strikingly 
illustrated by the fact that when a completely polymerized solution in the 
hydrocarbon solvents is terminated by the usual addition of a few drops of 
water or alcohol, there is a very marked drop in viscosity. This phenome- 
non does not occur in the tetrahydrofuran solutions. 

Since these systems represent concentrated polymer solutions, it is 
possible to apply the well-known equations relating the viscosity of polymer 
melts (or concentrated solutions) to their molecular weight. In the region 
where the molecular weights are above their critical value,® the following 
relation is found to apply. 


n = KM?‘ (3) 


If the polymer chains, before termination, are associated in pairs, as sug- 
gested by the kinetics in hydrocarbon solvents, then the “molecular 
weight”’ before termination should be twice the molecular weight of the 
terminated polymer. Hence the viscosity of the solution before termi- 
nation should be 2-4 times that of the terminated solution. 


TABLE II 


Viscosity of Anionic Solutions 








{RLi] Flow time sec. 
Monomer . Solvent (X 10%) Active Terminated Ne 
Butadiene Hexane 1.42 632 55 2.01 
Butadiene THF 1.90 2580 2570 1.0 
Isoprene Hexane 7.5 2091 170 2.05 
Isoprene THF 1.95 3147 3125 1.0 
Styrene Benzene 0.23 5768 560 1.95 





aN = Mactive /M terminated 


Some typical results of such viscosity measurements on the polymer 
solutions before and after termination are shown in Table II. These 
results indeed provide a striking demonstration of the association phenom- 
ena which occur in the hydrocarbon solvents, but not in tetrahydrofuran. 
It should be mentioned that, in all of these cases, care was taken to work 
with polymer solutions of sufficiently high concentrations where eq. (3) 
could apply, i.e., where 


v.M > 2M, (4) 








; 
. 
} 
j 








HOMOGENEOUS ANIONIC POLYMERIZATION 317 


Here ve = volume fraction of polymer in solution, 4/4 = molecular weight 
of polymer, and M, = molecular weight of polymer between entangle- 
ments.® In this work, the values of 1/7, were taken as 18,000,’ 2200, and 
4300,’ respectively, for polystyrene, polybutadiene, and polyisoprene. 

The above physical evidence for the association of the polymer-lithium 
species in pairs in hydrocarbon solvents, and not in THF, offers con- 
vincing confirmation of the mechanism proposed in eqs. (1) and (2) to 
account for the half-order dependence of the propagation rate on total 
growing chain concentration. It can be assumed, therefore, that, in 
these systems, it is the unassociated species RM,Li which is capable of 
carrying on the propagation reaction, whereas the associated species 
(RM,Li)2 is inactive or “dormant.” It must further be assumed that 
these forms are in equilibrium with each other, and that the equilibrium 
strongly favors the associated species. 

It now becomes obvious that the unexpectedly high apparent activation 
energies observed for the propagation reaction of these three monomers in 
hydrocarbon solvents must be due to an actual change in the above equi- 
librium, leading to an increase in the active, unassociated species at higher 
temperatures. Hence if accurate values of the association number N 
could be obtained at different temperatures, these would provide infor- 
mation concerning the actual concentration of the active species, as well as 
the equilibrium constant K, of eq. (1). 

Such measurements of N at various temperatures have actually been 

‘carried out in the case of polyisoprene in hexane. This was done by the 
usual method of measuring the flow times of the completely polymerized 
solution before and after termination. However, in order to measure the 
effect of temperature on degree of association, it was necessary to measure 
very carefully the flow times of the active polymer solutions at several 
temperatures, without incurring any accidental termination at the higher 
temperatures, since this would affect the flow time. Hence care was taken 
to ensure that the effect of temperature on flow time was a reversible 
phenomenon, by going both up and down on the temperature scale. The 
results are shown in Table III. Thus it appears that the temperature 


TABLE III 
Isoprene Polymerization in Hexane 


({CsHoLi] = 1.28 X 10-3ML.~—') 
30°C. aw. 50°C. 





ky (min.~! X 10%) 5.1 16.8 51.0 
AE, (apparent), kg. cal. Average = 22.6 

N 1.987 1.968 1.910 
K(X 105) 0.046 0.326 2.48 
{[RLi](ML.— x 105) 1.67 4.10 11.5 
AM, kg. eal. Average = 36.9 


AE4g, kg. cal. Average = 4.2 
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does have a very considerable effect on the association equilibrium, so that 
the true activation energy for the propagation reaction (AE,) is quite low, 
about 4—5 kg. cal. Furthermore, the heat of association (A//,) appears to 
be quite high, about 37 kg. cal., indicating that the polymer lithium ion- 
pairs are bonded to each other by rather powerful electrostatic forces. 


NATURE OF THE THF-SOLVATED SPECIES 


From the above results it can be seen that it is possible to relate the 
kinetics of isoprene polymerization to the association phenomena, which 
ean be observed and physically measured. Turthermore, it would be of 
great interest to relate these observations also to the isomeric chain struc- 
tures obtained in the polyisoprene. The latter are well known to be 
markedly affected by the nature of the solvent, yielding a high e7s-1,4- 
polyisoprene in hydrocarbon solvents, but a mixed-structure polyisoprene 
in the presence of ethers, including THI’. Hence it was thought of 
interest to note the effect of the presence of varying amounts of THI on 
isoprene polymerization in hexane, with special reference to the association 
phenomena, polymerization rate, and resulting chain structure. 

The effect of THF on the association of polyisoprenyl-lithium in hexane 
is shown in Table IV. These data were obtained by adding varying 
amounts of THI, as shown, to a polymerized solution of isoprene in 
hexane, and noting the flow times before and after termination. It can be 
seen that the THIF appears to participate in a solvation equilibrium with 
the polyisopreny!-lithium, in accordance with the following equation. 


(RM,Li), + 2THF ** 2RM,Li. THF (5) 
This is strongly indicated by the good constancy of the equilibrium constant 


(K;) values. Any assumption of higher solvates leads to poor constancy in 


the equilibrium constant. 


TABLE IV 
Effect of THF on Polyisoprene Association in Hexane at 30°C, 
[RLi] (xX 10%) [THF] /{RLi] \ Ks 
2.14 16.9 1.478 0.35 
3.51 29.6 1.422 0.56 
5.51 53.8 1.356 0.22 
1.11 83.8 1.304 0.42 
1.59 156.0 1.196 0.16 


It therefore appears that, in these systems, where association still persists, 
three different species should exist, i.e., the associated form (RM,Li)s, 
the unassociated or free form, RM,Li, and solvated form RM,Li.THF, 
all of them being in dynamic equilibrium with each other. Hence, during 
the propagation reaction, the growing chain ead should be changing in 
character as it passes from one of the above forms to the others. This 
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Fig. 6. Effect of 7HF on rate of isoprene polymerization in hexane at 30°C. k,(100% 
THF) = 0.13 LM~'S~, 


should then affect both the rate and chain structure. The results of rate 
and structure determination, together with the changes in N value, are 
all shown in Figure 5. It can be seen that the most drastic effect of the 
THF is on the cis content of the polymer, and that the rate is increased as 
well. If the increased rate is due directly to the presence of the solvated 
species, RM,Li, THI, then the drop in cis content is too severe to be 
attributed to the presence of the solvated species alone. There seems to 
be an additional effect. 

As far as the rate is concerned, it appears possible to explain the change 
by ascribing it directly to the presence of the solvated species RM,Li.- 
THF. Thus if the observed rate is corrected for the decrease in the un- 
solvated species, RM, Li, it is possible to obtain the plot shown in Figure 6, 
where the rate due to the species RM,Li.'THE is found to be proportional 
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to its calculated concentration. It is very gratifying to note also that 
the value of the propagation rate constant (k,) of 0.14LM —'see.—!, obtained 
from the calculated concentration of the species RM,Li.THF, agrees 
remarkably well with the value of 0.13LM~—'sec. —! obtained from rate data 
for polymerizations carried out in 100% THF solution. 

Finally, it is also possible to obtain some information about the nature 
of the solvation action of THF on the polyisoprenyl]-lithium, by determining 
the effect of temperature on this solvating action. This was done by 
measuring the N values of polyisoprene in hexane at two different tem- 
peratures in the presence of various amounts of THF. It is assumed that 
two equilibria exist in such systems as follows. 

(RM,Li), &' 2RMjLi (6) 

RM ,Li. THF = RM,;Li + THF (7) 

Thus from a knowledge of AK,, available from Table III and Kz; (eq. 5) 

available from Table IV, it is possible to calculate Ke, the equilibrium 

constant for solvation of the polyisoprenyl-lithium by the THI’, where Ke 

is defined in the usual form 

K, = [RM,Li] [THF] /[RM;Li. THF] 

Results are shown in Table V, from which a value of about 18 kg. cal. is 

obtained for the heat of solvation (AH2). This is a surprisingly high value, 
indicating a rather strong solvation power by the THF. 





TABLE V 


THF Solvation Equilibria For Isoprenyl Lithium 
















N K2( X 10%) AH; 

[THF] /{RLi} 30°C. 40°C. 30°C, 40°C. kg. cal./mole 
20.4 1.490 1.472 0.73 1.84 17.5 
28.2 1.400 1.385 1.0 2.6 18.1 
2.4 ‘ 17.6 


60.4 1.365 1.340 0.95 


ABSOLUTE PROPAGATION RATE CONSTANTS 







In conclusion, it is now possible to obtain some reasonably reliable values 
for the propagation rate constants for isoprene in these two solvent systems. 
These are shown in Table VI in the familiar Arrhenius expression form. 
The rate constants have also been calculated for 60°C. in order to enable 
comparison with the well known constants for free radical propagation. 
It can be seen that the species RM,Li, which is active in hexane, is actually 








much more reactive than the more stable solvated species RM;Li.THF. 
Thus the faster overall rate obtained in THF than in hexane is actually 
due to the much higher concentration of the solvated species, since it is 
all in the active form. The value of 9 LM~'S~! obtained for the un- 
solvated species, RM,Li, is not too far below the value of 50 LM~'!S~! for 
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the free radical propagation of isoprene,’ and is more than 20 times greater 
than that obtained for the solvated species RM,Li. THF. 

The magnitude of the A values is also very surprising, being excep- 
tionally low. ‘These values can be taken to indicate a very high steric or 
orientation factor existing in the propagation step. This is perhaps not 


TABLE VI 


Rate Constants for Isoprene Polymerization 








THF Hexane 
kp at 30°C., LM-'s-1 0.14 5.0 
AEg, kg. eal. 7.0 2 
A, LM-'S" Lb xX 10° 5.2 < 103 
ky at 60°C., LM-1S—! 0.40 9.2 





too surprising, since the monomer here reacts with an ion-pair, where 
steric restrictions may be expected to come into play. This is also con- 
firmed by the known sensitivity of the chain structure of the polymer 
formed to the structure of the reactive ion-pair, and even to the concentra- 
tion of the ion-pair species. 
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Synopsis 


The mechanism of anionic polymerization has been considerably elucidated by recent 
studies of polymerization in homogeneous solution initiated by soluble organolithium 
compounds. The use of the dienes for this purpose has been especially attractive, since 
the isomeric chain unit structure may be very sensitive to reaction conditions. These 
studies have made it possible to relate the kinetics of the systems with the chain micro- 
structure, as well as with the nature of the polymerizing chain anions. As has been 
known for some time, these polymerizations are all characterized by the complete 
absence of any termination reaction, in the absence of any active impurities. However, 
it has been found that the type of solvent used (hydrocarbon or ether) can markedly 
affect the entire mechanism. Thus, in hydrocarbon solvents there is evidence for a 
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very strong association of chain anions in pairs, which is absent in ether solvents. This 
is also reflected in the kinetics of the propagation reaction, which are of a different order 
in the two types of solvents. These findings make it possible to postulate the actual 
nature of the growing chain anion. Thus, in hydrocarbon solvents, the following 
equation would best describe the proposed chain growth mechanism: 
Ke M 
(RM;Li), = 2RM;Li — ete. (1) 


where RM;Li represents the polymeric organolithium, M represents the monomer, and 
K, the equilibrium constant, is very small.. On the other hand, in a solvent such as 
tetrahydrofuran, the following situation would prevail: 


RM,Li.nTHF + M — RM; +,Li.nTHF (2) 


This would explain the different orders observed in the propagation rates in the two 
types of solvents. Some actual rate constant values have been obtained for the prop- 
agation steps shown in eqs. (1) and (2) above, for styrene, butadiene, and isoprene. 
From these studies, too, there has become available some knowledge about the nature 
of the association and solvation phenomena shown in these two equations. 


Résumé 


Le mécanisme de la polymérisation anionique est considérablement élucidé par des 
études récentes sur la polymérisation en solution homogéne par des composés organo- 
lithiens solubles. L’emploi A ce propos de diénes a été particulitrement attrayant, 
parce que la structure des segments isomériques peut étre trés sensible aux conditions de 
réaction. Ces études ont rendu possible de relier la cinétique de ces systemes 4 la micro- 
structure de la chaine, ainsi qu’A la nature des chaines anioniques en croissance. On sait 
depuis quelques temps que, en absence d’impuretés actives, ces polymérisations sont 
toutes caractérisées par |’absence compléte de terminaison. Cependant on a trouvé 
que le type de solvant (hydrocarbure ou éther) affecte nettement le mécanisme entier. 
Ainsi on prouve qu’il y a une forte association en paires de chaines anioniques dans les 
hydrocarbures. Cette association est absente dans les solvants éthers. Cela s’exprime 
dans la cinétique de la réaction de propagation ou on constate un ordre différent pour les 
deux types de solvants. Ces résultats permettent de postuler la nature effective des 
chaines anioniques en croissance. Donc, dans les hydrocarbures, |’équation suivante 
décrit le mieux le mécanisme proposé de propagation: 

(RM,Li), 3’ 2RMAi © ete. (1) 
RM ,Li représente l’organolithium polymérique, M le monomére. La constante d’equili- 
bre, K,, est tres petite. D’autre cété, dans un solvant comme le tétrahydrofuranne, la 


situation suivante dominerait: 
RM,Li.nTHF + M — RMj+iLi.nTHF (2) 


Ceci expliquerait les ordres différents observés dans les vitesses de propagation pour les 
deux types de solvants. Pour le styréne, le butadiéne et l’isopréne on a obtenu quelques 
valeurs effectives de constantes de vitesse des reéactions de propagation montrées dans 
les équations (1) et (2). Ces études aussi contribuent 4 la connaissance de la nature de 
l’association et des phénoménes de solvatation représentés par ces deux équations. 


Zusammenfassung 


Der Mechanismus der anionischen Polymerisation wurde durch neuere Untersuchun- 
gen der durch lésliche Organolithiumverbindungen gestarteten Polymerisation in 
homogener Lésung weitgehend aufgeklirt. Besonders vorteilhaft war die Verwendung 
der Diene fiir diesen Zweck, da die Isomerstruktur der Kettenbausteine sehr empfind- 
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lich gegen die Reaktionsbedingungen sein kann. Diese Untersuchungen erméglichten 
es, die Kinetik in den Systemen mit der Mikrostruktur der Ketten und mit der Natur der 
polymerisierenden Kettenanionen in Beziehung zu setzen. Wie schon linger bekannt, 
ist fiir alle diese Polymerisationen das vollstiindige Fehlen einer Abbruchsreaktion bei 
Abwesenheit aktiver Verunreinigungen charakteristisch. Es wurde aber festgestellt, 
dass die Art des verwendeten Lésungsmittels (Kohlenwasserstoff oder Ather) den 
gesamten Mechanismus weitgehend beeinflussen kann. So scheint in Kohlenwasser- 
stoffen eine sehr starke Assoziation der Kettenanionen zu Paaren vorzuliegen, die in 
Athern nicht auftritt. Das spiegelt sich auch in der Kinetik der Wachstumsreaktion, 
die in den beiden Lésungsmitteltypen verschiedene Ordnung besitzt. Diese Befunde 
lassen Schliisse auf die tatsiichliche Natur des wachsenden Kettenanions zu. In 
Kohlenwasserstoffen entspricht folgende Gleichung am besten dem vorgeschlagenen 


Kettenwachstumsmechanismus: 
. Ke ‘ M 
(RM,;Li,» = 2RM;Li — ete. (1) 


wo RM,Li die polymere Organolithiumverbindung und M das Monomere bedeutet 
und die Gleichgewichtskonstante K, sehr klein ist. Andrerseits wiirde in einem Lés- 
ungsmittel wie Tetrahydrofuran die Situation folgendermassen zu beschreiben sein: 


RM,Li.nTHF + M — RMj+.Li.nTHF (2) 


Damit kénnte die in den beiden Lésungsmitteltypen beobachtete verschiedene Ordnung 
der Wachstumsgeschwindigkeit erklirt werden. Die tatsiichlichen Werte der Gesch- 
windigkeitskonstanten des Wachstumsschrittes entsprechend Gl. (1) und (2) wurden 
fiir Styrol, Butadien und Isopren erhalten. Die Untersuchungen liefern auch Aussagen 
iiber die Natur der durch die beiden Gleichungen beschriebenen Assoziations- und Solva- 


tationserscheinungen. 
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Alkali-Metal Polymerization. Homopolymerization 
and the Attempted Copolymerization of t-Butyl 
Vinyl Ketone* 


C. G. OVERBERGER and ARTHUR M. SCHILLER}, Department of 
Chemistry, Polytechnic Institute of Brooklyn, New York 


A previous communication from these laboratories reported! the stereo- 
specific polymerization of t-butyl vinyl ketone with lithium metal, buty] 
lithium, and lithium-biphenyl complex in nonpolar media. The poly- 
merizations were heterogeneous with respect to polymer. This paper re- 
ports the results obtained from polymerizations in homogeneous media 
with tetrahydrofuran as solvent. Copolymerization with methyl meth- 
acrylate as a comonomer was also attempted to gain insight into the 
propagation reaction. 


EXPERIMENTAL} 
Preparation of t-Butyl Vinyl Ketone 


Pinacolone, 500 g. (5 moles), 475.5 g. (5.85 moles) of dimethylamine hy- 
drochloride, and 192 g. (5.85 moles) of 91% paraformaldehyde were added 
to 650 ml. of ethanol. Five milliliters of concentrated hydrochloric 
acid were added and this slurry was stirred and cooled in an ice-water bath. 
Filtration gave 894.3 g. of the solid Mannich base. A small portion of the 
Mannich base was recrystallized twice from ethanol, m.p. 130° (dec., heat- 


ing rate 2°/min.). 


ANAL. Calculated for (CyHaCINO): C, 55.78; H, 10.41; N, 7.23; found: C, 55.94; 
H, 10.68; N, 7.29. 


The infrared spectrum contained a strong absorption at 2800-2500 em.~! 


and weak at 1660-1600 em.~—! for amine hydrochloride and at 1700 em. 
for ketone carbonyl. 


1 


* This is the 19th in a series of papers concerned with ionic polymerization; for the 
previous paper in this series, see C. G. Overberger and I. B. Davidson, J. Polymer Scz., 
in press. 

t This paper comprises a portion of the Dissertation submitted by Arthur M. Schiller 
in partial fulfillment of the requirements for the degree of Doctor of Philosophy at the 
Polytechnic Institute of Brooklyn; on educational leave of absence from the American 
Cyanamid Company, Stamford, Connecticut. 

t Analyses were carried out by Alfred Bernhardt of the Max Planck Institute, 


Germany. 
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The Mannich base was dissolved in 800 ml. of water and heated with 
stirring. Distillation started at 103° bath temperature, but the product 
did not distill at a reasonable rate until the temperature was about 160°. 
The temperature was slowly raised to maintain a reasonable distillation 
rate until 250° was reached. The condensate consisted of an oil and an 
aqueous layer. Sodium chloride was added and dissolved in the aqueous 
layer, the oil was taken up in ether and separated. The aqueous layer was 
extracted several times with ether and the combined ether extracts were 
dried with anhydrous magnesium sulfate. After removal of the ether, 
the residue was fractionally distilled to give 345 g. of t-butyl vinyl ketone 
(61.7% overall), b.p. 59-60 (103 mm.), x} 1.4222 [b.p. 65-66 (105 mm.), 
n'y 1.4219, prepared by dehydrohalogenation of t-butyl 8-chloroethyl 
ketone ].? 


Purification of Reagents 


Tetrahydrofuran was purified by refluxing with sodium benzophenone 
ketyl until the solution remained blue, followed by distillation prior to use. 
The monomers were freshly distilled under nitrogen prior to use. Lithium 
dispersion and lithium metal was used as received. n-Butyl lithium was 
used as supplied by Lithium Corp. of America. Biphenyl was recrystal- 
lized and sublimed. 


Preparation of Lithium-Biphenyl Complex Solution 


A small piece of cleaned lithium metal was charged to the flask. along with 
the required amount of biphenyl. The flask used is shown in Figure 1. 
The flask was then evacuated at 10-* mm. of Hg for several hours while 
immersed in ice-water to minimize loss of biphenyl. Tetrahydrofuran, 
previously dried and degassed on the vacuum line, was transported to the 
flask. The flask was then sealed off the vacuum line at the constriction 
in the neck and the contents were warmed to room temperature and stirred 
for about three hours. The deep emerald green color of lithium-bipheny] 
complex formed within ten minutes from the beginning of the reaction. 
The flask was then sealed, above the break seal, to the top of the ampoule 
charger shown in Figure 2. The ampoule charger had seven break seals 


Ss 


Hanan 


| | 
Break seol ——> 
rn 
Medium porosity 
fritted glass filter 
oOo <—— Glass-enclosed magnet 


Fig. 1. Polymerization apparatus, 
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arranged around the base as shown. The entire apparatus was attached to 
the vacuum line and pumped at 10~* mm. of Hg for 18 hr. after thorough 
flaming (with the exception of the catalyst solution). The apparatus was 
sealed off the line at the constriction, the break seal was broken with the 
magnet, and the solution filtered into the ampoule charger. Filtration was 
speeded up by cooling the ampoule charger in ice-water. After filtration, 


Glass-—enclosed magnet —> 


+— Break seal 





Fig. 2. Polymerization apparatus. 


the initiator solution was allowed to warm to room temperature and equili- 
brate overnight to ensure a constant concentration. The solution was dis- 
tributed evenly to the ampoules, the ampoules cooled in a dry ice-acetone 
bath, and then the apparatus was sealed off at the constrictions. The 
ampoules were stored at —20° until use. One ampoule was opened in 
methanol, water added, and titrated to determine the initiator concen- 


tration. 


Polymerization Procedure with Lithium Dispersion 


The monomer and solvent were charged to a tube on the vacuum line 
containing calcium hydride and allowed to dry. The mixture was degassed 
by three freeze-thaw cycles and then transported to the reactor. The 
reactor had previously been evacuated for 3-4 hr. at 10-* mm. of Hg after 
being thoroughly flamed. The reactor was a round bottom cylinder, con- 
taining a glass-enclosed magnetic stirring bar, with a 19/38 standard taper 
joint with a stopper near the top. After the transport was completed, the 
frozen (liquid nitrogen) mixture was evacuated for about one hour, then 
the stop-cock closed to the vacuum source and argon was passed into the 
The mixture was warmed to the desired 


reactor to atmospheric pressure. 
The 


reaction temperature and maintained by use of an appropriate bath. 
19/38 standard taper stopper was loosened, the initiator added after start- 
ing the stirrer, and the reaction continued under flow of argon for the desired 
length of time. The reaction was sampled with a thoroughly cleaned and 
dried volumetric pipette. The samples were precipitated in methanol con- 
taining a few drops of concentrated hydrochloric acid. 
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Polymerization Procedure with Lithium-Diphenyl Complex 


The polymerization reactions were carried out in sealed reactors under 
vacuum with the initiator solution ampoule sealed to the top and a glass- 
enclosed magnetic stirring bar for breaking the break-seal of the ampoule 
and stirring. The monomer-solvent mixture was dried with calcium hy- 
dride, degassed, and transported to the reactors. The reactors were sealed 
off the vacuum line, equilibrated at the reaction temperature, and the 
initiator introduced by breaking the seal. The reactions were terminated 
by breaking open the reactor and pouring the contents into methanol con- 
taining a few drops of concentrated hydrochloric acid. 


Polymerization Procedure with Lithium Methoxide 


The procedure was the same as that described for lithium dispersion, ex- 
cept that the lithium methoxide was prepared in the reactor prior to trans- 
porting the monomer-solvent mixture. The lithium methoxide was pre- 
pared by the reaction of lithium metal with dry methanol under argon, 
followed by evacuating at 10~* mm. of Hg for 4 hr. with warming. 


Kinetic Experiments 


In the kinetic experiments the reactor consisted of a 3-necked flask with 
magnetic stirrer, thermometer, and an outlet capped with a rubber serum 
cap for sampling via a hypodermic syringe. The outlet was replaced with 
a standard taper stopper during pumping and flaming of the reactor and 
transport of the monomer-solvent mixture. This was carried out as pre- 
viously described and then the reactor contents were warmed to the reac- 
tion temperature, argon introduced, and the sampling outlet put in place. 
Stirring was started and the initiator added. The n-butyl lithium was 
added with a hypodermic syringe as a dilute solution in tetrahydrofuran. 
Samples were removed via a long-needled hypodermic syringe and ter- 
minated by immediate addition to methanol containing a small amount of 
hydrochloric acid. The precipitated polymer was collected on tared, sin- 






tered glass funnels, washed thoroughly with methanol, and dried in a vac- 






uum oven at 50-60° overnight. Intrinsic, viscosities were obtained in 






benzene at 29.2° using a Cannon-Ubbelohde dilution viscometer. 





RESULTS 







Homopolymerization of t-Butyl Vinyl Ketone 


With lithium-biphenyl complex initiation 






t-Butyl vinyl ketone, 10.8 g. was polymerized in 222 ml. tetrahydrofuran 
with 2.55 & 10~* mole of lithium-biphenyl at 0°. The results are given 
in Table I. 
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TABLE I 


Polymerization of ¢-Butyl Vinyl Ketone with Lithium-Biphenyl Complex 


Reaction 


time ( 
(min.) Conversion [n]* Found: O» 
3 33.5 0.38 14.49, 14.38 
30 39.3 0.44 14.22, 14.26 
120 54.3 0.52 14.08, 14.21 


*In benzene at 29.2°. 
» Calculated for (C;Hy2O),: O, 14.26. 


Kinetic Experiments 


t-Butyl vinyl ketone polymerization was studied kinetically at 0° in 
tetrahydrofuran with n-butyl lithium as initiator at 0.2547 and 0.5./ 
monomer concentration. The initiator concentration used was 6.5 X 
10-417. The results are given in Tables IT (0.2547) and IIT (0.5.47). 


TABLE II 
Polymerization of (-Butyl Vinyl Ketone with n-Butyl Lithium, 0.25.7 


Reaction time ©}, Conversion 

(min. ) Exp. | Exp. 2 []* 
5 wie <0.35 
17 12.1 11.1 0.38 
30 17.9 25.7 0.40 
60 23.8 oii 0.39 

ISO 30.8 28.8 0.38 

300" Si.l 0.35 


"In benzene at 29.2°. 
» Calculated for (C;Hi2O),: O, 14.26; found: O, 14.11, 14.338. 


TABLE III 
Polymerization of ¢-Butyl Vinyl Ketone with n-Butyllithium, 0.5.7 


Reaction time 


(min.) ©), Conversion [n]* 
3 10.2 0.59 

10 IS.S 0.66 
30 29.8 0.638 
90 37.6 0.58 
210 412.2 0.53 
360 16.2 0.538 


“In benzene at 29.2°. 


Equilibrium Monomer Concentration ({Me]}) vs. Temperature 


The polymerization of t-butyl vinyl ketone in tetrahydrofuran was also 
studied as an equilibrium polymerization. The data are presented in Table 


LV 
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TABLE IV 


Equilibrium Concentration of t-Butyl Vinyl Ketone vs. Temperature 








Temperature Initiator Reaction time [Me] [Me] 
—78.0° Li-bipheny] 250.0 hr. 0.50 0.209 
—21.0 Li-bipheny] 22.0 0.50 0.165 

0.0 LiOCH; 6.5 0.50 0.162 
29.2 Li-bipheny] 22.0 0.50 0.149 
0.0 LiOCH, 6.5 0.15 . 








‘ No polymer obtained. 


Attempted Copolymerization of t-Butyl Vinyl Ketone and Methyl 
Methacrylate 


With Lithium dispersion 


The monomers, 0.1 mole each, were reacted with 150 mg. of 30% lithium 
dispersion in 176 ml. tetrahydrofuran at 0°. The lithium metal was present 
throughout the reaction time. The results are presented in Table V. 

The infrared spectra (film from chloroform) of the polymers showed only 
ketone absorption at 1710 em.—! and no evidence of ester groups. 


TABLE V 
“Copolymerization” of -Butyl Vinyl Ketone and Methyl Methacrylate with 
Lithium 








% Conversion 





teaction (Based (Based on 
time on total t-butyl 
(min. ) monomers) vinyl ketone) [n]* Found: O» 
15 29.4 55.6 0.60 14.36, 14.38 
45 38.8 43.9 0.538 14.31, 14.38 
120 39.4 74.5 - 14.16, 14.20 
78.8 0.53 14.22, 14.25 


240 41.6 











‘In benzene at 29.2°. 
»b Caleulated for (C;H;20),: O, 14.26. 


TABLE VI 
“Copolymerization” of t-Butyl Vinyl Ketone and Methyl Methacrylate with 
Lithium-Bipheny] 





Reaction ©, Conversion 





time (Based on t-butyl! 
(min.) vinyl ketone) [n]* Found: O» 
3 58.2 0.52 14.41, 14.54 
30 66.4 0.54 14.33, 14.19 
120 78.6 0.55 14.19, 14.21 


‘In benzene at 29.2°. 
» Caleulated for (C;HiwO),: O, 14.26. 
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With Lithium-biphenyl Complex Initiation 


t-Buty! vinyl ketone, 10.8 g., and 10.5 g. of methyl methacrylate were 
reacted at 0° in 210 ml. of tetrahydrofuran with 2.55 X 10-4 mole of lith- 
ium-bipheny! complex as initiator. The results are shown in Table VI. 


Kinetic Experiments 


The ‘‘copolymerization” was studied kinetically at 0.25M and 0.5M in 
each monomer in tetrahydrofuran at 0° with n-butyl lithium as initiator. 
The initiator concentration was 6.5 X 10-‘M. The data are presented in 
Tables VIT (0.25M) and VIJI (0.5.7). 


TABLE VII 
“Copolymerization” of t-Butyl Vinyl Ketone and Methyl Methacrylate with n-Butyl 
Lithium, 0.25M 





Reaction % Conversion 
time (Based on t-butyl 
(min.) vinyl ketone) [n]* Found: O» 
5 18.6 0.41 14.30, 14.29 
15 31.3 0.41 
30 38.4 0.41 14.27, 14.22 
60 43.0 0.39 
120 46.6 a= 14.22, 14.07 





*In benzene at 29.2°. 
» Calculated for (C;H20),: O, 14.26. 


TABLE VIII 
“Copolymerization” of t-Butyl Vinyl Ketone and Methyl Methacrylate with n-Butyl 
Lithium, 0.5 


% Conversion 








Reaction time (Based on t-butyl 
(min.) vinyl ketone) [n]* 
3/4 19.4 0.38 
2 27.5 0.40 
5 39.5 0.41 
20 59.3 0.41 





®* In benzene at 29.2°. 


DISCUSSION OF RESULTS 


“Copolymerization’’ of t-Butyl Vinyl Ketone-Methyl Methacrylate in 
Tetrahydrofuran 


The mechanism of propagation of polymerization can generally be deter- 
mined by analysis of the initial copolymer composition as shown by Mayo 
and Walling.* Thus, classically, styrene and methyl methacrylate produce 
an almost equimolar random copolymer with radical catalysis, almost ex- 
clusively polystyrene with a cationic catalyst, and polymethyl methacrylate 
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with an anionic catalyst. This generality still holds, but there are many 
factors which are now recognized in ionic polymerizations which alter the 
conclusions which one might draw from the determination of copolymer 
composition at low conversions. Among these are: a) the temperature 
coefficient for the reactivity ratios can be large and thus affect copolymer 
composition ;*~* b) the effect of the reaction medium on the dissociation and 
reactivity of the ion pair;?* c) the possibility of electron transfer initiation 
with subsequent formation of an ion-radical with a monomer present which 
may add to the radical portion of the ion-radical before recombination of 
the ion-radical occurs to form a dianion.®* 

t-Butyl vinyl ketone and methyl methacrylate were chosen as the mono- 
mer pair in this work with the expectation that a monomer pair closely re- 
lated in polarity might lead to a random anionic copolymerization. 

The results obtained in the attempted copolymerizations and comparable 
homopolymerizations are tabulated in Tables I, III and V—-VIII. The 
copolymerization reaction was initially attempted with lithium dispersion 
in tetrahydrofuran at 25°. The data (Table V) suggested that a transfer 
reaction was occurring during the polymerization as evidenced by the con- 
stant intrinsic viscosity values. Analysis of the polymers demonstrated 
that homopoly-(¢-buty! vinyl ketone) was being produced. It was possible, 
also, that the intrinsic viscosity data was such because of the heterogeneous 
nature of the initiation reaction. With this in mind, an experiment was 
varried out with lithium-biphenyl as initiator in tetrahydrofuran at 0° 
(Table VI). The results again indicated a transfer reaction taking place 
as the conversion increased, and also that the initial reaction rate was very 
rapid and then slowed down. Analysis showed that polymer to be homo- 
poly-(¢-butyl vinyl ketone). A homopolymerization was carried out under 
comparable conditions to determine if the transfer reaction was due to the 
t-butyl vinyl ketone monomer. The results (Table I) showed that the 
homopolymerization had the aspects of a “living” polymer system," the 
intrinsic viscosity increasing with conversion and also it was apparent that 
the rate of reaction was greatly enhanced by the presence of methyl meth- 
acrylate in the reaction mixture, 58% conversion in 3 min. as compared 
with 33% conversion. 

Comparable kinetic experiments were then carried out at 0.25M and 
0°. The homopolymerizations were carried out in duplicate (Table IT) 
to ensure the reliability of the data. The results checked within 10% 
of the conversion figures and this was acceptable since we were looking for 
gross differences in rate of reaction. The results (Tables II and VII) 
showed the initial rate of reaction to be about 2.5 X as fast in the presence 
of methyl methacrylate, but in both cases, levelling off rapidly although the 
“copolymerization” appeared to continue with a slight increase in rate. 
Again analysis showed the absence of methyl methacrylate in the polymer 
obtained. The conversion vs. time data are plotted in Figure 3 along with 
other data. The intrinsic viscosities for the homopolymerization indicated 
a slight increase at the start of the polymerization and then a decrease with 
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increasing conversion. This phenomenon suggested the possibility of an 
equilibrium polymerization, such as was found with anionic polymerization 
of a-methylstyrene.'! The discussion of this aspect of the polymerization 
will be deferred until the next section. On the other hand, the ‘“copoly- 
merization” intrinsic viscosities remained constant. 

The “copolymerization” and homopolymerization were then compared 
kinetically at 0.5M and 0°. The results (Tables III and VIII) verified 
the previous results. The conversion vs. time data are plotted in Figure 3 
and again it can be seen that the rate of reaction in the “copolymerization” 
was 2~3 X that of the homopolymerization. The intrinsic viscosity results 
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Fig. 3. Polymerization kinetics. 0, 0.254—homopolymerization; O, 0.25M—copoly- 


merization; A, 0.5M—homopolymerization; V, 0.5.4/—copolymerization. 


for the homopolymerization again show the increase at the start followed 
by a drop and finally levelling off. The “copolymerization” intrinsic vis- 
cosity data show an initial small increase and then levelling off as the con- 
version increased. The values of the intrinsic viscosities are substantially 
the same as in the 0.25M experiment, showing the independence of molec- 
ular weight on monomer concentration characteristic of termination by 
chain transfer. It was thus substantiated that a termination reaction by 
chain transfer was occurring in the presence of methyl methacrylate, but 
not in the homopolymerization and that the rate of polymerization was 
enhanced by methy! methacrylate. 

A reasonable transfer reaction that would explain the data was the 
following 
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H CHs 
{- CH.—CH —}g-—— CH:—C° 4 C—CHs 
c=0 c=0 c=0 
| | 
C(CHs)s C(CHs)s OCHs 
CH, CH; 
Sp 
H aT 
(-CH:—CH a CH,—C c£0® 
<> o=) (OCHs 
l l 
C(CHs)s3 C(CHs)s 
O CH 
’ ‘ ~ H I I a 
¢ CH:—CH be CH:—~C—C—C=CHs + -OCH, 
C=O : iBited 
C(CHs)s C(CHs)s 


The reaction, as pictured, is essentially a Claisen condensation of the ketone 
anion with an active ester. An essential feature of this reaction was that 
lithium methoxide should be an efficient initiator for polymerization of ¢- 
butyl vinyl ketone. This was shown to be the case by successfully carrying 
out a lithium methoxide initiated polymerization at 0° in tetrahydrofuran 
(see Table IV). 

A similar reaction has been proposed for termination in methyl meth- 
acrylate anionic polymerization, in which case methoxide ion does not ap- 
pear to act as an initiator. Schreiber’? pointed out that methyl meth- 
acrylate reacts with phenyl lithium as shown: 

CH; O CH; O 


| 


CH.=C—C + gLi - CH:—C—C—¢ + LiOCH; 
OCH; 


and that a reaction of this type could be a slow termination step. Goode, 
Snyder, and Fettes'* suggested a similar termination reaction in the poly- 
merization of methyl methacrylate by metal amides in liquid ammonia 
at —33° to explain their results. 

The enhanced rate of polymerization found in the presence of methyl! 
methacrylate may be explained on two bases. Firstly, the occurrence of a 
fast chain transfer reaction essentially increases the initiator concentration 
by supplying methoxide ion, an effective initiator, and this alone, on the 
basis of kinetics, would cause an enhanced rate. Secondly, the methyl! 
methacrylate present could preferentially solvate the growing ion pair by 
coordination with the lithium thus separating the ion pair and increasing 
the reactivity of the carbanion. That this can be the case with lithio com- 
pounds, even in a highly solvating medium as tetrahydrofuran, was shown 
by Inone, Tsuruta, and Furukawa.'* These workers studied the poly- 
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merization of acrylonitrile and methyl methacrylate by metal ketyls. 
They found that whereas sodium and potassium ketyls polymerized the 
monomers in various solvents, lithium ketyls and the dilithio complexes 
were fairly inactive initiators even in tetrahydrofuran. This indicates 
that the lithio compounds probably exist as tight ion-pairs or as highly 
associated entities in tetrahydrofuran. Coordination of methyl methacry- 
late with the lithium gegenion would also polarize the carbony! function of 
the ester, making it more amenable to attack by the anionic chain end. 
The rate enhancement noted in the present work was due to a combination 
of the two effects suggested above. 

The finding that only the homopolymer of t-butyl viny! ketone was formed 
in attempted copolymerization supported the thesis of Graham, Panchek, 
and Kampff" that initiation by a polymeric anion is closely related to the 
m-clectron systems of the monomer. The value of t-butyl vinyl ketone, 
although not known, would be expected to be higher than that of methy! 
methacrylate and, therefore, the anion would be noninitiating to that 
monomer as was found. One may also look on the reaction as involving the 
acidity of the monomer. Alpha positions of ketones are more acidic than 
the same position in esters, making the resulting anion a weaker base. 
There also was no evidence for methyl methacrylate being initiated and 
then ¢-buty! vinyl ketone polymerization taking over. 

Polymerizations of t-butyl vinyl ketone and methyl! methacrylate mix- 
tures were not carried out in nonpolar solvents because of the polymer 
separating during reaction in hexane and toluene.! 


Homopolymerization in Tetrahydrofuran 


The data obtained on the homopolymerization of t-butyl vinyl ketone in 
tetrahydrofuran (see lig. 3), a homogeneous reaction, suggested the pos- 
sibility that an equilibrium polymerization was occurring, that is, a poly- 
merization where the following equilibrium was established at moderate 
temperatures: 


Polymer~,, + Monomer = Polymer-,, +; 


As the polymerization proceeds, the concentration of monomer eventually 
reaches the value ({J/e]) at which the rate of propagation equals the rate of 
depropagation. The thermodynamics of the polymerization may be 
studied by determining [J/e] at various temperatures.'''®" An equilib- 
rium system must largely be a “living’’ polymer system, since termination is 
irreversible and prevents the attainment of equilibrium between polymer 
and monomer. As the data plotted in Figure 3 showed, the ‘“copolymer- 
ization” attained higher conversions than the homopolymerizations and in 
much shorter times showing the effect of a termination step on the poly- 
merization. 

Experiments were carried out to determine the effect of temperature 
on [Me]. Corrections were made for the variation in density of tetrahy- 
drofuran using the available data.'' The values are tabulated in Table 
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IV (Experimental Section). The last experiment in the Table was carried 
out below [J7e]. On termination and addition to methanol, only a faint 
turbidity was noted indicating the lack of polymerization at below [Me]. 

If one plots In [Me] vs. 1/7," based on Dainton and Ivins,’ various ther- 
modynamic functions can be calculated. However, when this was carried 
out with the present data, a small positive entropy of polymerization was 
found. One would expect that the value would be about —20—-—25 e.u./ 
mole as found with similar monomers, e.g., a-methyl styrene: or methyl 
methacrylate. We, therefore, choose to delay publication of this data until 
more information can be obtained and we can decide whether the result is 
due to (a) an equilibrium polymerization wherein the polymer is more sol- 
vated than the monomer, or (b) a termination step that is very slow with 
respect to propagation and more temperature dependent. 


The authors gratefully acknowledge support of this work from the office of U. S. 


Army Research, Durham, North Carolina, under Grant DA-ARO(D)-31-124-G27. 
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Synopsis 

The anionic homopolymerization and copolymerization of tert-butyl vinyl ketone was 

studied in tetrahydrofuran. In copolymerization experiments with methyl methacrylate 


as comonomer, only homopoly (t-butyl vinyl ketone) was obtained. The growing chain | 
end underwent termination by chain transfer in the presence of methyl methacrylate 
and a Claisen-type condensation is suggested. The homopolymerization appeared 
to be an equilibrium polymerization and the effect of temperature on the equilibrium 


monomer concentration was investigated. 


Résumé 


On a étudié ’homopolymérisation et la copolymérisation anionique de la tertbutyl- 
vinyl-cétone en solution dans le tétrahydrofuranne. Lors de la copolymérisation avec 
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le méthacrylate de méthyle comme comonomére, on obtient uniquement l’homopoly( p- 
butyl-vinyl-cétone). La chaine en croissance subit une terminaison par transfert de 
chaine en présence de méthacrylate de méthyle et on suggére une condensation du type 
Claisen. L’homopolymérisation semble étre une polymérisation résultant d’un équilibre, 
et l’effet de la température sur la valeur de la concentration en monomére 4 |’équilibre 
a été étudié. 


Zusammenfassung 


Die anionische Homopolymerisation und Copolymerisation von ¢ert-Butylvinyl- 
keton wurde in Tetrahydrofuran untersucht. In Copolymerisationsversuchen mit 
Methylmethacrylat als Comonomerem wurde nur Homo-Poly-t-butylvinylketon erhalten. 
In Gegenwart von Methylmethacrylat trat am wachsenden Kettenende Ketteniiber- 
tragung ein; es wird eine Kondensation vom Claisen-Typ angenommen. Die Homo- 
polymerisation schien eine Gleichgewichtspolymerisation zu sein und der Temperatur- 
einfluss auf die Gleichgewichtskonzentration an Monomeren wurde untersucht. 
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Quantitative Studies of Elementary 


Reactions in Electron-Transfer Initiations 


M.SZWARC, Department of Chemistry, State University College of Forestry, 
Syracuse University, Syracuse, New York 


INTRODUCTION 


In 1956 the writer and his associates'? presented a comprehensive dis- 
cussion of polymerization processes initiated through electron-transfer 
reaction. They proposed that the first step in the sequence of reactions 
that leads to such a polymerization is an electron-transfer from a suitable 
electron-donor to the monomer and this transforms the latter molecule 
into a radical-ion,* i.e., 


Electron-donor + monomer — monomer™ (radical-ion) + .. . 


Thus produced radical-ion may undergo two types of reactions, namely, 


monomer~ + monomer~ — dimeric dianion?~ (1) 
e.g., 
CH(Ph):CH.~ + CHe:CH(Ph)~ — ~CH(Ph).CH2.CH2.CH(Ph)~, 
or 
monomer~ -+- monomer — dimeric radical-ion~ (2) 
e.£., 


CH(Ph):CH:~ + CH::CH(Ph) — ~CH(Ph).CH2.CH:.CH(Ph)-. 


The dimeric species initiate the conventional propagation chain of the 
polymerization, the growth taking place essentially on the carbanions, 
since the radical ends, if formed by reaction (2), disappear sooner or later 
either through a mutual interaction (combination or disproportionation), 
or through another electron-transfer process which converts a radical end 
into a carbanion. Under judiciously chosen conditions the termination of 
carbanionic ends may be prevented and then living polymers are produced. 
The process arising from reaction (1) or reaction (2), if the latter is not fol- 
lowed by the disproportionation of the radical ends, yields polymers en- 
dowed with two living ends and capable of continuing their growth in both 
directions. 
* All the species described in this paper as ions or radical-ions exists as ion-pairs, 
e. g., M~, Nat (M. denotes monomer). However, for the sake of brevity we shall 
omit the counter-ions in most of the formula. 
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Various species may act as electron-donors. For example, alkali metals 
form a class of heterogeneous electron-transfer initiators, and for such 
reactions the initiation process is represented by the equation: alkali 
metal + monomer — monomer~ + alkalit+ ion. An interesting class of 
homogeneous electron-transfer initiators was discovered by Scott*® in the 
middle of the 1930’s. He observed* that complexes formed by the inter- 
action of alkali metals with aromatic hydrocarbons such as naphthalene or 
biphenyl, initiate a rapid polymerization of styrene, butadiene, and many 
other conjugated hydrocarbons. However, neither the structure of those 
complexes nor the nature of the initiation processes was understood in those 
days. In fact, Scott and his colleagues‘ considered the alkali-metal- 
aromatic hydrocarbon complexes as dimeric species, e.g., they described 
sodium naphthalene as (CjwHsNa)s. 

The work of Lipkin, Weissman, and their students*’ revealed the true 
nature of these complexes. Their electron-spin resonance studies demon- 
strated that these species are monomeric radical-ions possessing an extra 
electron in the lowest unoccupied z-orbital. They remain associated with 
their respective counter-ions such as Na+ or K*, the degree of association 
depending on the nature of the solvent. These investigators were first to 
study the electron-transfer reactions involving radical ions, e.g., they deter- 
mined® the equilibrium constants for processes such as: naphthalene~ + 
phenanthrene — phenanthrene~ + naphthalene. In a passing remark, 
they suggested that the polymerization which ensues on the addition of 
styrene to the solution of sodium naphthalene (the Scott’s process) arises 
from an electron-transfer. However, this point was not elaborated further 
and the details of the process were still not comprehended. For example, 
the red color of the solution of living polystyrene formed in such a reaction 
was erroneously attributed to the presence of radicals or radical ions.® 

It is interesting to,recall that the formation of labile radical-ions derived 
from conjugated olefins and their participation in polymerization processes 
was considered by Schlenk and Bergmann’ as early as 1928. In those days, 
Ziegler and his students* advocated the idea that the polymerization initi- 
ated by alkali metals, such as sodium, arises from an attack of a C—Na 
bond on a C=C double bond. For example, the polymerization of styrene 
was represented by the equation 


—~CH (Ph) Na 
| — ~~CH(Ph).CH:.CH(Ph)—Na 


4. 


CH. CH(Ph) 


which only insignificantly differs from the modern description of anionic 
polymerization.’ According to Ziegler the initiation process involves the 
addition of two alkali metals to a first monomeric molecule and the forma- 
tion of compounds such as 


Na—CH,:. CH=CH.CH:.—Na or Nua—CH:.CH(Ph)—Na 





ELECTRON-TRANSFER INITIATIONS 341 


These disodium compounds were supposed to be the primary initiators of 

the polymerization, and at this point Ziegler’s interpretation differs some- 

how from our presentation.® Schlenk and Bergmann’ argued that the in- 

teraction of an alkali metal with a suitable olefin produces a radical, e.g., 
Na + CH.:CH(Ph) —~ Na—CH:.CH(Ph). 


and that the subsequent polymerization is due to the radical growth. It is 
obvious that in the language of those days the “radical”? proposed by 
Schlenk and Bergmann is identical with the modern concept of a radical- 
ion, 
CH2:CH(Ph)~,Na* 

and the misconception of these investigators lay only in their insistence that 
the radical end, and not the carbanion, is entirely responsible for the prop- 
agation process. The subsequent success of other radical theories to ac- 
count for polymerization processes led some eminent workers to subscribe 
to Schlenk and Bergmann’s hypothesis. For example, Schulz’? in 1938 
and Bolland" as late as 1941 were still arguing in favor of a radical growth 
in the polymerization initiated by metallic sodium. 

Although the basic principles of electron-transfer initiation of polymeriza- 
tion were clearly and, I believe, correctly outlined in our earlier papers,!:? 
the kinetic and thermodynamic data required for quantitative treatment 
of these processes were not available at that time. It is our feeling that 
such data are urgently needed, and we embarked, therefore, on a program 
which should eventually provide the desirable information. In particular, 
we tried to learn more about the kinetics and equilibrium of the two 
dimerization processes, namely 


monomer~ + monomer~ = dimeric dianion?~ (1) 
monomer~ + monomer @& dimeric radical-ion~ (2) 


Our recent progress in this field is reported in this paper. 


STUDIES OF THE SYSTEM INVOLVING THE 1,1-DIPHENYL- 
ETHYLENE RADICAL-IONS 


Studies of the elementary steps of the electron-transfer initiation may be 
considerably simplified if the polymerization initiated by the dimeric 
dianions and dimeric radical-ions could be prevented. We decided, 
therefore, to begin our search by investigating the behavior of a nonpoly- 
merizable ‘‘monomer.” The choice of 1,1-diphenylethylene (a-phenyl- 
styrene) turned out to be very fortunate. This hydrocarbon resembles the 
important polymerizable monomers such as styrene and a-methylstyrene. 
It undergoes electron-transfer reaction which yields the respective radical- 
ions and the latter may dimerize to the dianions or react with the parent 
hydrocarbon to form dimeric radical-ions. However, the bulkiness of the 
two phenyl groups prevents further polymerization to trimers, tetramers, 


etc. 
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It is desirable to introduce at this place the notation which makes the 
description of the investigated processes brief and compact. We shall de- 
note the parent hydrocarbon by the symbol D, D = CH,:C(Ph):. The 
resulting radica!-ion, CH».:C(Ph).~ is denoted by D~, the dimeric dianion, 
—C(Ph)..CH,.CH,.C(Ph).~, is represented by ~DD~, and the dimeric 
radical-ion ~C(Ph‘,.CH,.CH,.C(Ph). by ~DD-. All the charged species 
such as D~,-DD~ and ~DD- are associated with the respective counter- 
ions; however, for the sake of briefness, we shall omit the counter-ions in 
the equations. , 

A solution of 1,1-diphenylethylene in tetrahydrofuran reacts quantita- 
tively with an alkali metal such as sodium or potassium and gives the 
brown-red solution of ~DD~. The structure of this dimeric dianion was 
proved by its carboxylation to the 2,2,5,5-tetraphenyl adipic acid.'? Its 
absorption maximum lies at 470 my and corresponds to the extinction 
coefficient of about 2.6 K 10‘. The solution may be titrated with methyl 
iodide or, in the absence of alkalies such as NaOH or NaOR, with an acid. 

The solution of ~DD~ free from the excess of alkali metal does not react 
with the parent hydrocarbon. The steric hindrance prevents reac- 
tions such as: DD- + D2 -DDD-, ete. However, since ~DD 
remains in equilibrium with its radical-ion, i.e., ~DD~ @ 2D~, an exchange 
of D units between the dimer and the monomer is expected. Such an 
exchange provides a way for studying the rate of dissociation of the dimeric 
dianions into monomeric radical-ions—an approach explored by Spach, 
Monteiro, Levy, and Szware.'* In their work the rate of exchange was 
detected by labeling the monomer, or the dimer, with C'*. The eventual 
separation of the monomer from the dimer was accomplished by the car- 
boxylation of the dimer to the respective adipic acid. 

The studies of Spach, Monteiro, Levy, and Szwarc'* demonstrated that 
the rate FR, of D transfer from the monomer to the dimer, or vice versa, 
is given by the equation 

R, = k-,[-DD~-] + k’[D]. [-DD-]'” 
which is presented graphically by a straight line when R,/[~DD~] is 
plotted vs. [D|/[~DD~]'/?, see Figures 1 and 2. This relation implies 
that the exchange proceeds simultaneously by two routes: (c) 

DD- ‘= 2D-,... Kais (1) 

kei 

followed by a rapid electron transfer 
D-+ DY 2D + D" (6) 


and (b) through the sequence of reactions 
ke 
D- 4 De DD- (2) 


followed by the fast electron-transfer (5) 


DD- + -DD- 2 D-D- + -DD. (5) 
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Fig. 1. Exchange of 1,1-diphenylethylene between the monomer and the dimeric dianion. 
T = 30°C.; solvent, THF. 
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Fig. 2. Exchange of 1,1-diphenylethylene between the monomer and the dimeric dianion. 
Solvent, THF. 


Since the system remains at equilibrium, the rate of any reaction proceed- 
ing to the right is exactly equal to the rate of its reverse reaction, and hence 


However, in view of the equilibrium (1), [D~]} Kais'/?[-DD~]'” and 
therefore 


R, = k-,;[~-DD~] + ke. Kaia'!?[D].[-DD~ |"? 
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in agreement with the observations. . Thus, the intercepts of the lines shown 
in Figures | and 2 give the rate constant k—, of the dissociation of the di- 
meric dianion into radical-ions, whereas their slopes give the product 
Kaj.'!?. ke. The latter constant ks. is the rate constant of the bimolecular 
association of D~ and D to the dimeric radical-ion ~DD-. The numerical 


values of k—, and ke. Kyjs'/? are given in Table I. 


TABLE I* 


Solvent-THF, counter-ion Na * 


k 


DD~ = 2D> (Kaix) 


/ 
k 
DD- = D-+D 
k 


ke. Kais'’? K 108 


i. OF k-, XK 10° see. (1./mole)'/? & see.~! 
0 0.10 2.9 
15 0.25 10.0 
30 0.80 35.4 


* Reprinted from Spach, Monteiro, Levy, and Szware.'* 


The minuteness of /—, calls for some comments. Although its values, 
quoted in Table I, may be uncertain by as much as 50%, there is no doubt 
that at room temperature k—, is smaller than 10~* sec.~'. This means 
that a negligible dissociation of ~DD~ into D~ would be expected in an 
interval of 10 or 20sec. The importance of this point will be seen later. 

The accuracy of the ky. Kais'/? is fair, and a plot of log(ke. Kais'/*) vs. 
1/7 is shown in Figure 3. From it the value of 13.7 keal./mole was de- 
rived for 2, + '/2AH ais, demonstrating that in tetrahydrofuran the heat 
of dissociation of ~DD~ into 2D~ is less than 27 keal./mole. 

It is apparent from the work of Spach et al.'* that if the exchange between 
~DD~ and D" were permitted to proceed for 10 sec. only, and the ratio of 
[D]/[-DD~] were kept low, the amount of the transferred activity would 
be too minute to be observed. It was shown, however, by Jagur, Mon- 
teiro, and Szwarc' that under these conditions one does exchange all the 
D~ radical ions which are present in the system (in equilibrium with ~DD~) 
for a radioactive D~-. The carboxylation converts D~ into -C(Ph)>:.- 
CH..COO> or: CHe. C(Ph)s. COO~ radicals and the latter form eventually 
a variety of carboxylic acids, e.g., CH(Ph)o. CHe. COOH, COOH. C(Ph)s.- 
CH,-COOH or the respective adipic acids. Their radioactivity may be 
determined, and this in turn permits to determine the concentration of D 
present in equilibrium with ~DD~. Thus, their work led to the value of 
Kais ~ 1.1077 mole /l1. 

The work of Jagur, Monteiro, and Szware™ was feasible because the rate 
of dissociation of ~DD~ into 2D~, and the rate of association of 2D~ into 

DD~-,issoslow. In fact, if k-, 10-* sec. ~', ina 10-2 M solution of the 
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Fig. 3. Arrhenius plot of log ke. AKuis. ~DD~ @ 2D~(Kais), D~ + D—- DD~ (he). 


dimer only 10-7 moles/ce. of ~DD~ would dissociate in 10 sees. and the 
same amount of D~ would associate into ~DD~. On the other hand, the 
amount of the transferred activity observed by Jagur, Monteiro, and 
Szwarc' was equivalent to 3.10~-° moles/cc., i.e., 300 times greater than 
‘alculated. Under conditions of their experiments, the amount of ~DD- 
formed by the process D- + D— ~DD- was calculated to be equivalent to 
~10-* moles/ce. of D~, i.e., greater than that resulting from dimerization 
of D~ but still amounting to only a few percent of the observed activity. 
One concludes, therefore, that in those experiments the equilibrium con- 
centration of D~ was ~3.10~ moles/cc., and that the electron transfer 
process, 


D-+ D" — D+ D"-, 


was very fast and therefore it could not be the rate determining step in the 
experiments of Spach, Monteiro, Levy, and Szware.'® 


THE SYSTEM -DD~ + 2A = 2D + 2A 


Further data about reactions (1) and (2) were derived from studies of 
the interaction of ~DD~ and anthracene (A). The work reported by 
Jagur, Levy, Feld, and Szwarec” revealed the following facts. 

Mixtures of ~DD>~ and anthracene (A), or anthracene~ radical-ions 
(A~) and D, attain a state of equilibrium described by the equation 


DD- + 2A 22D + 2A Koveralt 
The overall equilibrium constant Kovyerai was determined spectrophoto- 


metrically in tetrahydrofuran solution, the relevant data being collected 
in Table II. From the temperature dependence of Kovyerai, the following 
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TABLE II 


DD~- + 2A = 2D + 2A°- in tetrahydrofuran," counter-ion Na* 








tes 8 Koveraii(mole/liter ) 
0.5 0.05 

22.5 0.09 

28.0 0.13 





® Reprinted from Jagur, Levy, Feld, and Szware.* 


data were obtained: 
AH overatt = 5 keal./mole; ASoverat!s = 12 €.u. 


At room temperature it takes 4—5 days to reach the state of equilibrium. 
The kinetics of the reaction 2A~ + 2D ~ ~DD~- + 2A was investigated 
by a stop-flow technique following the changes in the optical density of 


OPTICAL DENSITY AT 720 ma 
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Fig. 4. Rate of A~ + D — products. 7 = 25°C.; solvent, THF. 


the solution at 720 mu, the absorption peak of A~, or at 470 mu—the absorp- 
tion peak of -DD~-. A typical tracing of the recorder is shown in Figure 
4. Its inspection implies that a rapid reaction, which seems to reach its 
equilibrium within a few seconds, is accompanied by a slow reaction which 
continues for a few days. It was suggested that the rapid reaction is due 
to an electron-transfer process 


A~+D2D-+A (3) 
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and from the recorder’s tracing, the equilibrium concentration of D~ was 
determined (see ref. 15 for further details). The validity of this sugges- 
tion was tested by varying the initial concentrations of A~ and D, and by 


adding various amounts of A to the solution of A~. In this way the equilib- 
rium constant K;, for the electron-transfer reaction (3) was determined to 
be 8 X 10~4. 


The slow reaction observed in the tracing was attributed to the associa- 
tion 

p-+D -pp. (2) 

which consumes D~ formed in reaction (3). The rapid electron transfer 
(4), 

-DD. + A-~'-DD- + A, (4) 
completes then the sequence leading to the final products of the overall 
reaction. Since the absolute rate constant of the slow reaction is given by 
the tracing, and the concentrations of D and D~ are available, the absolute 
rate constant k, may be calculated. The average of several experiments 
gave k,. = 0.12 (1./mole)see~.'. 


OPTICAL DENSITY 
AT 720 mh 








25 50 75 100 TIME SEC 


Fig. 5. Rate of ~-DD- + A — products. Solvent, THF. 


Now, from the values of Koverai and K;,, one may calculate Aais, since 


DD*~ + 2A = 2A~- + 2D.....Koverai 
+ 2A~+ 2D 22D~ + 2A.....(Ker)? 
DD é > 2D . i eel Kais Kventit tu 2 


Thus, Kais was caleulated to be 0.7 X 10-7 (mole/liter). On the other 
hand, having the value for k, and using the data derived from the D 


exchange studies! which give k:. Kuis'/? (see Table I) one again calculates 
Kais to be 0.9 X 10-7 (mole/liter). The agreement between these two in- 
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dependently derives values of Kajs and that obtained from the work of 
Jagur, Monteiro, and Szwarc" is gratifying. 

The rate of the reverse reaction ~-DD- + 2A + 2D + 2A>- was also 
investigated by the stop-flow technique, a typical tracing of the recorder 
being produced in Figure 5. Two interesting features are shown by these 
results: 

(a) There is an initial and essentially instantaneous formation of A- 
which cannot be accounted for by the observed reaction. This conversion 
is independent of the initial concentration of anthracene but it increases 
with [-DD~]. 

(b) The observed reaction that follows the instantaneous A~ formation 
seems to be auto-inhibited. 

The initial formation of A~ was attributed to the presence of small 
amounts of D~ which remain in equilibrium with ~DD~. The reaction 


hs + A—A- + D (3) 


is extremely rapid and proceeds essentially to completion (see the value of 
K,,). The dissociation of ~DD~ into 2D~ is too slow to replenish the loss 
of D~ (see the remark on page 344) and hence the concentration of the 
initially formed A~ is equivalent to the equilibrium concentration of D~-. 
To test this suggestion the concentration of the initially formed A~ was de- 
termined for different initial concentration of ~DD~ and the results were 
shown in Figure 6 in form of a plot of [A~]o? vs. [-DD~]o. The resulting 
straight line through the origin was anticipated and its slope gives, there- 
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fore, another estimate for Kygj,, namely Ky, = 0.92 K 10-7 mole/liter, in 
excellent agreement with the other three determinations. 

The auto-inhibition of the observed reaction was traced to the formation 
of A-. In fact, the proposed mechanism implies that the rate of A~ 
formation is given by the slow reaction 


bo 


-pp. p+ D-, (: 


followed by the fast reaction D- + A — A-~ + D, 
the concentration of ~DD - being determined by the equilibrium 


“-DD- + A2@ “DD- + A-. (4) 


The increase in the concentration of A~ reduces the concentration of the 
dimeric radical-ion ~DD- and therefore slows down reaction (2). This 
hypothesis was confirmed by observing the inhibition of the reaction arising 
from the addition of A~ to the anthracene solution. 

The results derived from this study allow us to determine the product 
k-.K,—', and in fact, by using two different methods, closely similar values 
were obtained for this constant. Since the value of kz was determined, the 
product KK, may be calculated. Now, by combining the reactions 


“-DD- + A2A-~+ “DD- Ky 
-DD- 2D+D- Ke 
and 
AT -- DD 2D-+A Ker 
one obtains the equation 
-DD- —2D- Kais 


and hence Kais = KeKyKir. Thus, another independent way for calculat- 
ing Kais was derived, and the latter gives the value Kai, = 1.1 X 1077 
mole/liter in a full agreement with the other results (see Table III). This 
self-consistency provides perhaps the strongest argument for the validity 
of the proposed mechanism. 


TABLE III 
“2 22: 2D- Kais 





Method used in the derivation of Kuais Kais 


1. By combining the equilibrium A~ + D@D~+A 
with the overall equilibrium ~DD~ + 2A = 2D + 
2A-. 0.7 X 1077 mole/liter 
2. By combining the value of k2 with the data on the 
monomer exchange (k2Kais.!/*). 
3. From the initial amount of A~ formed in the 
reaction ~DD~ + A — products. 0.92 X 1077 mole/liter 
4. By combining the data obtained from the kinetics of 
the reaction ~DD~ + A — products with /. and 
Ki (A~ + D2D~ + A). 1.1 X 1077 mole/liter 
5. From the exchange of D~ by the radio active D. ~ 107 mole/liter 
6. From the preliminary ESR studies. 10-*-10~7 mole/liter 


te 


0.9 X 107 mole/liter 
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Let us summarize now the results of these investigations. For the 


system, 


k 
D- + D- 2 -DD (1) 


and 


ke 
D-+ De "DD. (2) 
k 


the equilibrium constant of the dissociation (1) is Kais = 11077 mole /liter. 
The rate constant of the dissociation was found to be k—, < 10~® see.-', 
and therefore the rate constant of the dimerization of the radical-ions D 

into the dimeric dianions is k; < 10(1./mole)see.~'. On the other hand, 
the rate constant of the association of D~ with D to the dimeric radical- 
ion, ~DD-, was found to be ~ 0.1(1./mole)sec.~'!. This means that the 
rate constant of ~DD~ formation might be greater than that for ~DD- 
association. However, in most of the investigated systems the ratio 
{[D]/{D~-] is >300 and often as large as 10* and hence the rate of ~DD- 
formation is greater than that of the dimerization to ~DD~. All the data 
reported here refer to reactions in tetrahydrofuran at room temperature. 
Further studies of the kinetics of dimerization of D~ to ~DD>~ are now in 


progress in our laboratory. 


OTHER APPROACHES 


Under suitable conditions'® a-methylstyrene (aMeS) may be converted 
into dimeric dianions ~aMeS.aMeS~. The carboxylation of the dianion 
to the respective adipic acid proved" that the latter has the structure 


-C(CH;).(Ph). CH:. CH2.C(CH3;)(Ph)~ 


Now, the dimeric dianion should exist in equilibrium with its radical-ion, 
i.e., ~aMeS.aMeS~ = 2aMeS~. The rate of its dissociation cannot 
be determined by the exchange studies, as was done for the system ~DD 
— 2D-~, since the addition of a-methylstyrene to the dianions leads to 
polymerization. In fact, studies of Vrancken, Smid, and Szwarc'’ showed 
that the equilibrium constant for the process, ~aMeS.aMeS~ + aMeS @ 
trimer, is relatively high and amounts to about 240 (1./mole) at room tem- 
perature and recent work of Lee, Smid, and Szwarc'® gave the value of 17 
1./mole sec. for the respective rate constant. 

An interesting method to study this dissociation was developed by Szware 
and Asami.'* They prepared the dimer from a deuterated a-methyl- 
styrene, 1.e., CDe:C(CDs;).(Ph), and its solution was then mixed with an 
equivalent amount of the ordinary dimer. Now, the following reactions 


proceed in such a system: 
: 


aMeSsy aMeSsn — 2aMeSsy 7 


aMeSsp aMeSsp . = 2aMeSsp 


aMeSsy + aMeSsp — aMeSsu aMeS sD 
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Vig. 7. The rate constant of the dissociation ~aMeS. aMeS~ — 2aMeS~ as function 
of temperature. 


and the rate of formation of the mixed dimer provides the data for the 
calculation of the rate constant of the dissociation ~aMeS.aMeS- — 
2aMeS~. This isa general method applying to any system ~MM~— 2M 

To measure the rate of formation of the mixed dimer the solutions were 
kept at constant temperature for desirable time intervals and then the 
dianions converted into hydrocarbons by a proton addition. After the 
evaporation of the solvent, the mixture was analyzed with a mass-spectro- 
graph operating with 8 v. acceleration potential. This leads to the ap- 
pearance of the parent ions only and prevents the fragmentation of the 
molecules. The ordinary dimer gives the mass 238, the deuterated dimer 
the mass 248, and the mixed dimer corresponds to the mass 243. By 
applying this technique, Szware and Asami” determined the rate constant 
of the dissociation of ~aMeS.aMeS~ to be ~ 0.6 X 10-‘see.~! in tetra- 
hydrofuran at room temperature. The extension of this work! led to a 
preliminary value of 23 keal./mole for the activation energy of the dis- 
sociation process, which is calculated from the results obtained at 0, 25, 
and 44°C. (see ig. 7). This activation energy corresponds to a value of 
about 10" sec. ~! for the respective frequency factor. 

The application of this method to the system ~DD~ — 2D ~ is obvious, 
and the relevant experimental work has now been started. 


ELECTRON-SPIN-RESONANCE STUDIES 


The application of Electron-Spin-Resonance technique to these studies is 
more than obvious. Our own effort is still hampered by the lack of the 
instrument in our Laboratory. However, using the instrument available in 
Fairchilds Camera Corporation we showed the presence of free radical-ions 
in solutions of the dimeric dianions such as ~DD~, ~aMSeMS~, ete. The 
ESR signals were resolved and their hyperfine structure recorded. An 
attempt was made to determine the concentration of free spins and to 
calculate from these data the respective equilibrium constants. The 
preliminary results, which require further refinement, led to the value of 
Kais ~ 10~°-10~7 for the system ~DD~ @ 2D 
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We are planing to utilize this technique in our kinetic studies, since these 
applications are supplementary to the work described here. 

I wish to thank the National Science Foundation for their financial help through 
Grant G-14393 and to my co-workers Dr. Levy, Dr. Jagur, Dr. Spach, and Dr. Monteiro 
for their invaluable assistance. The ESR work was carried out with the active help of 
Dr. LuValle and Dr. Lawfer. 
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Synopsis 


The principles of eleetron-transfer initiation outlined in earlier papers from this 
laboratory have been reviewed. The electron-transfer reaction which converts the 
monomer into its radical-ion M~ is followed by two dimerization processes, namely: 


(a) the dimerization of 7 ~ to a dimeric dianion 

M-+M-—+-MM (1) 
(b) the association of 17~ and M into a dimeric radical-ion 

M-+M—-MM.- (2) 


Various methods which provide quantitative information about the rates and equilibria 
in such systems were reviewed. It was shown that studies of monomer exchange in 
the system, radioactive 1,1-diphenylethylene—its non-radioactive dimeric dianion, 
furnish data about the rate of dissociation of the dimer into radical-ions, 


koa 


DD- ~ 2D (1) 


These studies also permitted the calculation of the product keK' ais, where ke refers to 


the association process which yields the dimeric radical-ions, 


D-+ D2 -DD- (2) 
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and Kais denotes the equilibrium constant of reaction (1) Investigations of the equilibria 
and kinetics of the forward and backward reaction in the system ~DD~ + 2A @2D + 
2A~ were particularly fruitful. In the above equation, A denotes anthracene, A 
its radical-ion, and ~DD~ the dianion of diphenyl ethylene dimer. From these studies 
the equilibrium constant of the reaction, ~DD~ = 2D~, was established by four in- 
dependent methods. The absolute rate constant of reaction (2), D- + D— ~DD- 
was determined, the rates and equilibrium constant for the electron-transfer reaction, 
A~+ D2 D~ + A, was found, ete. Kinetics of formation of the mixed dimer from 
the dimeric dianions of ordinary and deuterated a-methylstyrene (aMeS) provided 
data on the rate constant of the dissociation ~aMeS.aMeS~ — 2aMeS~. The results 
of preliminary studies of these systems by means of electron-spin-resonance technique 
were reviewed. 


Résumé 


On a revisé les principes de l’initiation par transfert électronique décrits dans des 
publications précédentes de ce laboratoire. La réaction de transfert électronique qui 
transforme le monomére en son radical-ion M/~ est suivie par deux processus de dimérisa- 
tion, 4 savoir: a) le dimérisation de 1/~ en un dianion dimérique 


M + M- — MM (1) 
b) l'association de 1/~ et M en un radical-ion 
M-+M— MM- (2) 


Plusieurs méthodes, donnant des informations quantitatives au sujet des vitesses et des 
équilibres de tels syst¢mes, ont été passées en revue. On a montré que les études sur 
l’échange de monomére dans le systéme: 1, 1-diphényl éthyléne radioactif—son dianion 
dimérique non-radioactif, donnent des indications concernant la dissociation du dimére 
en radical-ions 
k 

DD- =' 2D (1) 
Ces etudes permettent le caleul du produit kh, Auis “*, of ky se rapporte au processus 
d’association (donnant des radicaux-ions dimériques), 


D-+D — -DD- (2) 


et Kais indique la constante d’équilibre de la réaction (1). Des recherches au sujet de 
l’équilibre et de la cinétique de la réaction directe et inverse: DD- + 2A — 2D 4 
2D~- ont été particuliérement utiles. Dans cette équation A représente l’anthracéne, 
A~ son radical-ion et ~DD~ le dianion du diphényl-éthyléne dimérique. A l'aide de 
ces études on a établi la constante d’équilibre de la réaction ~DD~ — 2D~ par quatre 
méthodes indépendantes. La constante de vitesse et la constante de la réaction (2) 
D- + D— —-DD a été déterminée, ainsi que les vitesses d’équilibre de la réaction de 
transfert électronique A~ + D @ D~ + A. La ecinétique de la formation du dimére 
mixte, en partant des anions dimériques de l’alpha-méthylstyréne (@ MeS) ordinaire et 
deutéré, fournissait des données sur la constante de vitesse de la dissociation .@~ Mes 
aMeS~ — 2aMeS~. Les résultats des études préliminaires de ces systémes, 4 l'aide de 


la résonance de spins électroniques, ont été revisés. 
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Zusammenfassung 


Ein Uberblick iiber die Prinzipien des in friiheren Mitteilungen aus unserem Labora- 
torium entwickelten Elektron-Transferstarts wurde gegeben. Auf die Elektron- 
Transferreaktion, bei der das Monomer in sein Radikalion, M~, iibergeht, folgen zwei 
Dimerisierungsprozesse, nimlich: (a) die Dimerisierung von M~ zu einem dimeren 


Dianion, 


M-+M-—-MM- (1) 
und (b) die Assoziation von M~ und M zu einem dimeren Radikalion, 
M-+M-—-MM-:- (2) 


Verschieden Methoden, die quantitative Angaben iiber Geschwindigkeiten und Gleich- 
gewichte in solchen Systemen liefern, wurden besprochen. Es wurde gezeigt, dass 
eine Untersuchung des Monomeraustausches im System, radioaktives 1,1-Diphenyl- 
athylen-nicht radioaktives dimeres Dianion, Angaben iiber die Dissoziationsgeschwin- 
digkeit des Dimeren in Radikalionen, 

k-, 

-DD~- — 2D- (1) 
leifert. Diese Untersuchungen ermdglichten auch die Berechnung des Produktes 
ke. Kais “2, Wo k2 sich auf den Assoziationsprozess bezieht, der die dimeren Radikalionen 
leifert, 

D- + D— —-DD- : (2) 
und Kyjs die Gleichgewichtskonstante von Reaktion (1) ist. Die Untersuchung der 
Gleichgewichte und der Kinetik der Hin- und Riickreaktion im System, ~DD~ + 
2A — 2D + 2A~, war besonders fruchtbar. In obiger Gleichung bezeichnet A Anthra- 
cen, A~ sein Radikaloin und ~DD~ das Dianion des Diphenylithylendimeren. Bei 
diesen Untersuchungen konnte die Gleichgewichtskonstante der Reaktion, -DD~—2D-, 
nach vier unabhingigen Methoden bestimmt werden. Der Absolutwert der Gesch- 
windigkeitskonstanten von Reaktion (2), D- + D — ~-DD-, wurde bestimmt, die 
Geschwindigkeit und Gleichgewichtskonstante fiir die Elektron-Transferreaktion, 
A-~+ D=D~ 4 A, ermittelt, u.s.w. Die Kinetik der Bildung des gemischten Dimeren 
aus den dimeren Dianicnen von normalem und deuteriertem a-Methylstyrol (aMeS) 
lieferte Angaben fiir die Geschwindigkeitskonstante der Dissoziation, ~aMeS- 
aMeS~ — 2aMeS~. Die Ergebnisse einer vorliufigen Elektronspinresonanz-Unter- 


suchung dieser Systeme werden mitgeteilt. 











Journal of Polymer Science Part C: Polymer Symposia 
First Biannual American Chemical Society Polymer Symposium 


Contents (Continued) 


J. F. GERNERT, M. J. R. Cantow, R. S. Porter, and J. F. Jounson: Column Frac- 
ber of Polymers. II. Instrumentation for Solvent Gradients and Flow Con- 


COORDINATION POLYMERIZATION 


E J. VANDENBERG: The Stereoregular Polymerization of Vinyl Ethers with Trans- 
TRIN I GEA rssh hs 5 a: die g sa oi) wide bok din eS bees ees 


JouN Boor, JR.: a r Polymerization of Olefins. I. Dependence on Structure 
of the Metal Alkyl! and the Transition Metal Compound......-+........ 


Joun Boor, Jr.: Ziegier Type Polymerization of Olefins. II. Nature of the 
i eee Py Pe Ta es ules ss a dane Oban we cease tess 


T. P. Witson and G. F. Hurtey: Kinetics and Mechanism of Ethylene Polymeri- 
zation by the Ziegler-Martin Catalyst................... 00.0 c een 


T. P. Witson and E.S. Hammack: Surface Area of Brown Titanium Trichloride . 


ANIONIC POLYMERIZATION 


Maurice Morton, L. J. Ferrers, and E. Bostick: Mechanisms of Homo- 
geneous Anionic Polymerization by Alkyllithices Initiators. . 


C. G. OVERBERGER and ArtrHur M. Scuituer: Alkali-Metal Polymerization. 
omopolymerization and the Attempted Copolymerization of ¢-Butyl Viny! 


M. Szwarc: Quantitative Studies of Elementary Reactions in Electron-Transfer 
a Ny years s ep dA C4 Ue iva vec bs cele cece cceeee 











